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ABSTRACT

While concrete, steel and Fiber Reinforced Polymer (FRP) jackets are the most
commonly used types of jackets in the industry to confine columns, the focus of this
research is to study and compare the compressive behavior of concrete cylinders
confined with different types of fibrous composites; including Fiber Reinforced
Concrete (FRC), Fiber Reinforced Mortar (FRM), and Slurry Infiltrated Fiber Concrete
(SIFC). This study will provide a broad understanding of the behavior of the different
confinement types used to retrofit columns to resist detrimental loads including blast
and impact. The study will compare the compressive stress-strain response of different
fibrous confinements to the commonly used ones such as FRP and spirals (SP), by

developing empirical models to be used in design.

The confinements are classified as either continuous or discrete. Continuous
confinement is when the composite is wrapped continuously around the structural
members such as FRP, FRC, FRM, and SIFC while in discrete confinements they are
spaced at a specific pitch such as spirals (SP) and wire mesh (WIM). The purpose of
studying different types of fibrous confinements such as FRC and SIFC is to better
understand their response with respect to the continuity and orientation of fibers. As for
studying WIM confinement, was to understand the effect of two-fiber orientation as
well as their interaction (WIM being the “bounding” case with “fibers” being oriented
only in the vertical and the horizontal direction).

The ultimate goal of this research is to investigate, understand, and develop the overall
stress-strain and load-displacement (i.e. resistance and ductility) response model of
columns confined with different fibrous composites. The developed compressive stress-

strain behavior will be compared to the exiting Spiral Reinforcement (SP) and FRP
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confinement used commonly in the industry, to be able to select the most suitable, and
appropriate retrofit technique, and to be able to design from an engineering standpoint.

This research is achieved through an experimental and analytical investigation

Models developed in this work have shown good agreement with experimental data.
High Performance Fiber Reinforced Concrete (HPFRC) jackets made with continuous
fibers exhibited debonding and multiple cracking leading to softening effects beyond
peak and higher strains at rupture, which translates into an increase in ductility, and
energy dissipation of the confined column. Varying orientation of fibers in FRC and
FRM jackets produce radial tensile stresses on the concrete core resulting in partial
confinement, thus weakening the concrete core and developing peak stresses lower than
unconfined concrete. However due to fiber pull-out, they have higher ductility and
maintain softening effects beyond peak and rupture strains better than unconfined

concrete.

Keywords: Continuous composites, discrete composites, high performance
composites, low performance composites, stress-strain response, first crack stress and

strain, lateral confinement, multiple cracking, and activation region.
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l. INTRODUCTION

Jacketing is a technique used to rehabilitate an existing building to increase its strength,
and capacity to withstand blast and impact loading. Thus, confinement increases
strength and improves both static and dynamic response. The longitudinal and
transverse compressive stress-strain response of laterally confined concrete is essential
in developing the strength of a structural column subjected to loadings including blast

and impact -2,

Extensive use of FRP’s has been implemented in the industry to confine existing
columns; however very limited knowledge of other composites has been provided and
how it compared to FRP in particular for blast and impact loads. Existing research 34°67
clearly indicate that fiber composites; such as Fiber Reinforced Concrete (FRC) and
High-Performance FRC (HPFRC), WIM, and SIFC can be successfully used for
concrete confinement; but no generalized and complete compressive stress-strain
design curve models exist. Thus, comprehensive and generalized empirical stress-strain
models should be considered to compare and assess the full compressive behavior of
confined columns with different fibrous composites other than conventional
confinements (steel, concrete, and FRP) for design purposes. Such models are needed
to design, recommend and select the most suitable, and appropriate retrofit technique
from a technical standpoint (stress-strain curves response). Accuracy of the developed

models is evaluated using experimental data.

Consequently, this study will provide a comprehensive comparative overview and
understanding of the compressive behavior of concrete confined with different fibrous
composites, through developing stress-strain models. Thus, this research provides a

complete and generalized compressive stress-strain response models for different



fibrous composite and compares their behavior to the commonly used FRP and Spiral
confinements (SP). The stress strain longitudinal and transverse response shall be
utilized in developing confined column strength, ductility, stiffness and energy
absorption. This will allow the structural engineer to recommend the most suitable

retrofitting technique from a theoretical and technical engineering standpoint.

The confinement types are categorized in the study based on their stress-strain response
(strength), strains at failure (ductility), and toughness (energy absorption). The
dilatation behavior (stress-strain response in transverse (radial) direction) will assist in
establishing cratering and breaching effects, stand-off requirements, and mitigation
recommendations to establish safe stand-offs from specific threats?. Thus, the
confinement types will be divided as follows: Low Performance Brittle/Ductile Failure
(LPBF/LPDF), and High Performance Brittle/Ductile Failure (HPBF/HPDF). In
addition to further classifying the models into full/partial and continuous/discrete

confinements that are later explained in the study.

Consequently, two different types of confined models were developed in the presented

research:

e For the case of continuous confinement, such as Concrete Filled Tubes (CFT)
or jackets, proposed models are based on a modified ACI 4408-model approach.
e For the case of discrete confinement, proposed models are based on
conventional concrete models that have been modified to account for the
discrete-confinement effect of spirals and/or wire mesh (e.g. Todechine

model®).



1. LITERETURE REVIEW

2.1  EXPERIMENTAL LITERATURE REVIEW
One of the major causes of damage on concrete structures, due to the 1971 San

Fernando earthquake, the 1987 Whittier earthquake, and the 1989 Loma Prieta
earthquake®, was the inadequate detailing of their structural components. Inadequate
detailing of concrete columns (insufficient: starter bar lap lengths, lateral ties) were the
major contributors to the insufficiency in resisting earthquake forces®. The work of
many researchers!® have indicated that increasing the confinement in the potential
plastic hinge regions of the column will increase the compressive strength and the
ultimate compression strain and ductility of the concrete core. Therefore, strengthening
techniques were implemented that typically involved methods for increasing the
confining forces either in the potential plastic hinge regions or over the entire column.
Studies and researches!* have demonstrated that confinement significantly enhances

concrete’s compressive strength (resist higher design loads) and ductility.

Many concrete structures require repairing/retrofitting techniques due to durability
issues (corrosion of internal steel reinforcement)®!?, damage due to blast loads?,
increase in the design loads (changes and updates in the design codes and standards),
as well as functional changes and construction errors®*2, Consequently, assessments
and structural upgrading of concrete infrastructures (bridges and tunnels) are required
constantly. Thus, to avoid social costs related to the demolition and reconstruction of
new structures and to improve column member behavior, jacketing is recommended®.
The outward expansion of the core concrete is prevented by the confining action of the
composite strap placed in circumferential tension, as illustrated in Figure 11-1. The

confinement lateral pressure increases the compressive strength of the concrete in both



the core and shell regions, and provide the longitudinal bars with support against

buckling.

F(us) F(us)
Figure 11-1: Confining action of composite strap (Mander et.al., 1988)

The confinement constrains the lateral strain, producing a tri-axial stress field in the
concrete that results in improving the compressive strength, maximum strain, and

ductility?2,

Traditionally, retrofitting of existing concrete structures has been accomplished using
conventional materials and construction techniques, i.e. externally bonded steel plates,
steel or concrete jackets and external post-tensioning?®.

Researches* have shown that steel plate jacketing technique improves the flexural
strength, shear capacity, stiffness, and ductility of concrete elements. However, steel
jacketing may result in excessive capacity increase, which creates unexpected failure
modes; such as buckling and brittle failure at ultimate strength. Other disadvantages of
steel jacketing are handling difficulties, low corrosion resistance as it is not suitable in

harsh environments.

Composite materials made of fibers in a polymeric resin, also known as Fiber
Reinforced Polymers (FRP) have emerged as an alternative to traditional materials and
techniques®. Confined concrete columns with (FRP) has rapidly gained acceptance as

an effective rehabilitation and strengthening technique. However to date, considerable



research* efforts are being performed to investigate the performance of concrete
members externally confined with (FRP) materials. FRP confined concrete
substantially differs from that of steel confined concrete due to differences in
constitutive law between FRP and steel'*. Both types of confining systems provide
passive confinement, as their transverse action is engaged, due to the lateral dilation of
the axially loaded member!4. As for FRP stress-strain behavior, a linear-elastic stress-
strain response is obtained, where the confining stresses increases throughout the load
history until jacket failure. Failure happens in a sudden and brittle manner (absence of
yielding) 14, as presented in Figure 11-28. In case of steel confined concrete, confining
stresses remain approximately constant after transverse yielding point. This allows a
ductile failure behavior, sufficient warning signs are provided prior to failure.
Consequently, FRP jackets do not bear any load in the longitudinal direction, compared
to steel tubes. Thus, FRP jacket is more suitable for analyzing the influence of loading

path on axial stress and axial strain'?.
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Figure 11-2: Stress-Strain curve for FRP confined concrete column, (ACI1440, 2018)
The growing use of FRP composites as confinement elements is attributed to the
important mechanical and chemical properties of these materials. Fibers in a FRP
composite material are the main load-carrying constituent; their type, orientation, and

their quantity primarily govern the tensile properties of composite thus affecting



compressive strength of confined concrete columns®. FRP composites with their low
density (typically one-fifth that of steel), adds less weight to the existing structures, and
significantly simplifies the construction procedure and reduces cost’®. FRP are
characterized as esthetic materials—do not alter the structural appearance (increase in
cross-sectional area), and will not disturb the integrity of the existing structure'. Thus,
FRP materials can be used to confine areas with limited access, where traditional

techniques are difficult to implement®,

Researches!® have shown that the axial strain and stress of the confined concrete
columns increase with the increasing thickness (t) of the tube, as illustrated in Tablell.1.
The observed increase in axial stress over the unconfined specimen ranged from 51 to
137 percent for the concrete-filled glass FRP tube, and 57 to 177 percent for the
concrete-filled carbon FRP tube, respectively. For the glass FRP tube-confined
concrete, the increase in the ultimate axial strain ranged from 660 to 1100 percent,
whereas columns confined with carbon FRP tubes exhibited lower axial strain that
ranged from 300 to 788 percent. This was due to the fact that the ultimate strain of the

carbon fiber is lower than that of the glass fiber.

Table 11-1: Experimental Results-(Houssam et.al, 1999)

Ultimate Ultimate Increase in | Increase in
Specimen strength, strain strength, strain,
MPa (Ksi) | percent (%) | percent (%) | percent(%)
Plain 35(5.07) 0.25 - -
GE1 52.8(7.66) 1.9 51 660
GE2 66(9.6) 2.47 89 888
GE3 83(12) 3 137 1100
C1 55(8) 1 57 300
C2 68(9.9) 1.6 94 540
C3 97(14) 2.22 177 788

GE(t)= Glass FRP polymer t layer; C(t)=Carbon polymer t layer




Alternatively, numerous experimental studies®® have shown that a significant increase
in strength and ductility of concrete could be achieved by confining spirally reinforced
(SP) columns with Glass Fiber Reinforced Polymer (GFRP) tubes. Increasing the
number of polymer layers with same volumetric SR ratio caused an increase in ultimate
compressive strength and strain. Consequently, increasing the volumetric SR ratio with
the same FRP confinement result in increased maximum actual lateral confining

pressures of GFRP tubes.

Unlike the explosive process observed in GFRP confined concrete cylinders, the failure
process of GFRP-SR confined concrete was quiet with a good residual compressive
strength after GFRP rupture. The inelastic energy absorbed by confined concrete
cylinders (GFRP-SR) corresponding to failure exceeds the elastic energy absorbed.
Thus, the presence of spiral reinforcement SR helped in confining the lateral
deformation of the core concrete, and increasing the confinement action of the GFRP

tubes.

Thus, the application of externally bonded fiber reinforced polymer FRP systems is a
convenient and well-established solution to strengthen, confine, repair and retrofit
structural concrete members®. This evidence was translated into design guidelines and

codes of practice; ACI4408 in the USA and CSA'® in Canada, respectively.

On the other hand, FRP composites (wrap, wire, rope, or tape) holds many
disadvantages; low fire resistance capability, application difficulty on damaged
concrete element i.e. requiring surface column repair'’, marginal increase in lateral

stiffness of a structure i.e. ineffective in many retrofitting cases®. The confinement



effectiveness of FRP composites decreases when the concrete column is under eccentric
axial loading or a combination of axial load and moment, which is usually the case in
concrete columns®®. FRP composite materials also experience a creep-rupture failure.
As the ratio of the sustained tensile stress (short-term strength) of the FRP laminate
increases, endurance time decreases. The endurance time also decreases under adverse

environmental conditions, thus affecting its confinement effect.

Alternatively, Concrete jacketing technique is a well-established and conventional
solution to repair, retrofit, and strengthen existing structures®. Concrete jacketing can
improve the flexural and shear capacity as well as stiffness of concrete elements. A
concrete jacket provides a protection layer against internal reinforcement corrosion;
hence, it is a favorable retrofitting method for structures in marine and coastal
environments, compared to FRP wrapping and steel jacketing®. However, the
conventional concrete jacketing method is not an influential technique owing to some
of its disadvantages related to its high thickness around concrete core. This leads to a
significant increase in the dead load and decrease in the available space in the retrofitted
structure. Furthermore, the retrofitted structure with conventional concrete jacketing
exhibits durability issues related to concrete shrinkage; owing to additional stresses
induced in the retrofitted concrete, resulting in jacket cracking and debonding.
Therefore, finding an alternative jacketing material is required, to effectively minimize

the crack width, and improve the durability of core concrete®.

With the development of concrete jacketing techniques, thin fiber-reinforced concrete
(FRC) jackets (which can be in the form of shotcrete or cast-in-situ) made with ultra-
high performance strain hardening cementitious material (UHP) and engineered
cementitious composite (ECC) have been considered as a promising alternative to the

conventional concrete jacket in the retrofit of concrete structures®. FRC jacket made



with ECC or UHP develops a larger strain capacity than the conventional concrete
jacket, and can effectively protect the internal reinforcement from corrosion, and the
core concrete from carbonation (owing to the lower porosity and permeability of the

ECC and UHP than those of normal concrete)*.

Previous research!® found that the addition of steel fibers confinement has been
regarded as an alternative solution to the use of transverse hoops. The addition of fibers
confinement can lead to increased peak loads by delaying initial cover spalling, and to
improved ductility by providing some additional confinement. As specified in ACI
318-17% for the use of steel fiber as an alternative to minimum shear reinforcement,
the flexural toughness of Steel Fiber Reinforced Concrete (SFRC) can be a significant
index to determine the number of transverse hoops that can be eliminated when steel
fiber is included in the confined concrete. The compressive toughness also can be used

as index to determine the confinement ability of SFRC.

Another research® has compared the confining effect of both spiral reinforced (SP)
concrete and steel fiber reinforced concrete (SFRC) specimens. The volume fraction
and aspect ratio of steel fibers, 1.5 percent and 70, respectively, were the same for all
the confined SFRC specimens. It was noted that, as the volumetric ratio (spiral
reinforcement) of the confining reinforcement increases, the ultimate load also
increases in both confined reinforced concrete and confined SFRC specimens.
However, the percentage increase of ultimate load seems to be higher in confined SFRC
specimens than in confined reinforced concrete specimens. Note also that in confined
SFRC specimens, strains at ultimate load are significantly higher than in reinforced

concrete specimens®.
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For lower levels of confinement in SFRC there exist equivalent higher levels of
confinement in reinforced concrete. Hence, some amount of confining reinforcement
can be replaced by the addition of short, randomly oriented steel fibers. This eases the
situation in seismic-resistant, where high confinement requirements lead to congestion
of steel. Apart from the improvement in strength and ductility noticed in confined
SFRC, other aspects, such as durability, integrity, and dimensional stability can be

achieved by the addition of steel fibers to confined reinforced concrete®.

Strength and ductility are the two important factors to be considered in the design of
seismic-resistant reinforced concrete structures. Under seismic conditions, the
structures may be subjected to large deformations. In the case of reinforced concrete
columns, the behavior depends largely on the amount of confinement provided to the
core concrete because of spalling effect of concrete cover at compressive strains of
about 0.004°. Thus, FRC behavior makes it ideal for retrofitting concrete members
subjected to large inelastic deformation demands and harsh environments®. Therefore,
due to the superior mechanical properties of FRC jacket compared to a conventional
concrete jacket, and its superior durability benefits compared to those of the FRP wrap
and steel jacket, FRC has a great potential to serve as a high performance confinement

material in structural applications.

Recent research’ have studied the confinement effects of ultra-high performance fiber
reinforced cement (UHPFRC) jacket in comparison with GFRP jacket, on reinforced
concrete (RC) columns. Four different interface treatments were employed to prepare
the contact surface between the substrate concrete column and the UHPFRC jackets:
longitudinal grooving (LG), horizontal grooving (HG), sandblasting (S), and abrasion

(A); Refer to the referenced paper’ for illustration.
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It was noted that, specimens confined with UHPFRC (1.5 % hooked steel fibers), LG
and HG, exhibited increase of 176% and 145%, respectively, in their peak loads. While,
the specimens confined with 1.5% synthetic (barchip) macro-fibers, LG and HG,
recorded increase of 144% and 89%, respectively, in their peak loads relative to the

reference column (normal reinforced concrete column)’.

As for the specimens confined with UHPFRC 1.5% hooked steel fibers with interface
treatment: sandblasting (S) and abrasion (A), indicated increase of 131% and 121%,
respectively. However, specimens confined with UHPFRC 1.5% barchip steel fibers
with surface treatment: S and A, indicated increases of 67% and 38%, respectively,
relative to the reference column (normal reinforced concrete column) ’.

Finally, the specimens lacking internal reinforcement, confined with 1.5% hooked steel
and 1.5% barchip fibers, experienced the highest increase of about 276% and 225%,

respectively, in their load-carrying capacity’.

Obviously, the effect of longitudinal grooving (LG) in strengthened columns on
increasing peak load was superior to that of horizontal grooving (HG). Moreover, the
columns strengthened with UHPFRC jackets with hooked steel fibers displayed a
higher load capacity than did those strengthened with synthetic (barchip) macro fibers’.
As for the ultimate axial strain, the specimen with LG interface treatment confined with
UHPFRC hooked steel fibers recorded an increase of 91% in its ultimate axial strain
relative to LG confined with barchip fibers. This difference may be attributed not only
to the mechanical properties (tensile strength) of steel fibers that are superior to those
of barchip fibers but also to the double-ended hook shape of the steel fibers that creates

a better bond with the concrete’.
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As for GFRP confinement, where F signifying GFRP jacket, F-W, FIW1, and FIW2
recorded increases of about 115%, 53%, and 64%, respectively, in the peak load relative

to the measured reference’.

F-W corresponds to full GFRP hoop confinement wraps while the remaining two
designated as F-IW1 and F-IW2 were strengthened with intermittent GFRP hoop wraps
50 mm (1.97in.) and 10 mm (0.39 in.) in width, respectively. The FRP strips were

oriented in the hoop direction; Refer to the referenced paper’ for illustration

Thus, strengthening the RC column with 15 intermittent GFRP wraps 10mm (0.39ich)
in width led to a reduction of 60% in the consumption of GFRP composites but the peak
load dropped by 31% relative to that of the specimen strengthened with full GFRP
wraps. This indicates that intermittent GFRP along the column height may be economic

for a target loading level’.

However, the need to obtain higher strength and ductile material structures that can
resist blast and impact loads, has led to Slurry Infiltrated Fiber Concrete (SIFC) material
development. It was noted, that the percentage increase of fiber in the cementitious
matrix has caused the formation of a very high durable material, called Slurry Infiltrated
Fiber Concrete (SIFC). Thus, with additional development of fiber reinforced concrete
(FRC) jackets, SIFC have been considered as the next promising alternative to the
conventional concrete jacket in the retrofitting concrete structures by infiltrating large

percentage of fibers thus limiting cracks®.

SIFC has diverged from conventional SFRC in two respects: a higher fiber volume
fraction (usually 5 to 20 volume percent), and consists of a very fine matrix

(absence of coarse aggregates)?’. Thus, SIFC is a unique construction material
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possessing high strength as well as large ductility and far exceptional potential for

structural applications when sudden loads are encountered during services.

B. Abdollahi et al.® looked at comparing FRP wrapping with SIFC but no models were

developed and it was noted that SIFC and FRP had some similarities in their

performance depending on the strength of the concrete core effectively confined by the

composite.

Based on the results of the conducted study by B. Abdollahi et al.®, following

conclusions can be drawn:

Both Glass Fiber Reinforced Polymer (GFRP) and SIFC confinement methods
enhanced strength, strain and energy absorption capacity of concrete cylinders
The increase in the thickness of the SIFC jacket as well as increasing the GFRP
layer numbers led to a significant improvement of stress—strain response of
confined concrete samples. Thickness of the confining layer is found to be the
most effective parameter to improve the confined concrete behavior in both
methods.

SIFC confinement technique is more effective for strengthening of the mid-
strength (25MPa (3.6Ksi)), followed by the low-(15MPa (2.2Ksi)) and the
higher-(40Mpa (5.8Ksi)) strength concrete. However, efficiency of GFRP wrap
in confining concrete columns decreased by increasing core concrete strength.
Therefore, initial concrete strength should be among other criteria to choose a
better confinement technique.

Confinement performance for higher-strength SIFC jacket is much better than
mid-strength jacket, while fiber length has no significant effect on the
performance of the jacket. As the fibers are placed in hoop like direction in a

continuous matter, bridging micro-cracks
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GFRP behavior in confinement is very sensitive to the fiber orientation with
respect to the hoop direction, as the change of fiber orientation from 0°
weakened the GFRP performance.

The stress—strain responses of GFRP-confined concrete show bilinear forms
before starting failure, while SIFC curves have nonlinear behaviors throughout
the test.

In many cases, the ultimate strength and absorbed energy of SIFC-confined
concrete is very similar to the results of GFRP-confined cylinders. The
comparison shows that SIFC confinement method can be regarded as a
competitive method with respect to the well-known FRP confinement
technique.

Passive confinement models® can be used to predict compressive strength of
SIFC-confined columns. Confinement coefficient depends on the unconfined
concrete strength and the level of the provided confining pressure. In addition
to the confinement model proposed in this study, applying some FRP
confinement models result in relatively accurate prediction of SIFC confinement
strength

SIFC-confined cylinders fail due to tensile failure of the jacket along with
surface delamination between the core concrete and the jacket. Similar failure
mode was observed in most of GFRP-confined samples (failure due to both
hoop fiber rupture and delamination, with intact concrete and FRP jacket above
and below the failure region)

Size effects on SIFC-confined columns are predicted to be similar to GFRP
jackets; (significant effect on the confined concrete strength, a less significant

effect on the stress—strain behavior and a slight effect on failure modes).
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However, the ratio of SIFC fiber length to shell thickness may also affect the
behavior of jacket through changing the tensile strength of the material.

e Failure in GFRP-confined cylinders is a drastic reduction in the stress level,
such significant stress decay was not observed in SIFC-confined cylinder.

e The stress—strain response of SIFC-confined concrete shows a strain softening
behavior after peak stress, while the GFRP-confined concrete demonstrates a
plateau response or a strain hardening with a distinct bilinear behavior in which
a reduction in stiffness is experienced after reaching an axial stress higher than
the unconfined strength.

Thus, the results have shown that SIFC confinement application can be regarded as a
competitive method with respect to the well-known FRP confinement method.

2.2 ANALYTICAL MODELING LITERETURE REVIEW

Limited research® * 5% 7 have developed comprehensive empirical models for SIFC,
FRC, Fiber Reinforced Mortar (FRM), and WIM similar to that of FRP confinement.
Most research'® 11141521 has been focused on one typical FRP confinement, and very
few publications® 22 have provided a comparison between the compressive stress-
strain responses of laterally confined concrete with different fibrous composites. B.
Abdollahi et al.® looked at comparing FRP wrapping with SIFC, Liang Huang et al.?
studied the compressive behavior of concrete confined with glass fiber reinforced
polymers and spirals, Sayyed A. D.et.al’ studied the compressive behavior of ultra-high
performance fiber reinforced concrete (UHPFRC) and GFRP confinement, but no

specific comprehensive models were developed.

Thus, the ultimate goal of the current research was to investigate and develop a model

capable of predicting the complete stress-strain response of confined concrete necessary
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for predicting complete load-displacement response of column confined with various

fiber composites.

Two classes of stress-strain models were used in the presented research: (a) models for
discretely confined concrete (e.g., models for concrete confined by spirals (SP) or mesh
reinforcement (WIM)), and (b) models for continuously confined concrete (FRC, FRM,

SIFC).

Continuous confinement is when the composite is wrapped continuously around the

structural members while in discrete confinements they are spaced at a specific pitch

a-_Discrete Confinement Models: The following Todechini® stress-strain model for

unconfined concrete was used in the presented research.

i3
O, = —CZ 0< Sl < Elur Eq II.1
1+ ()
&
, 171 -
Ec = EC g. 1L

Where o/, . are the stress and strain at peak of unconfined concrete, respectively.
&4 1S the strain at rupture of unconfined concrete, E,. is the modulus of elasticity of
unconfined concrete and , oy, &;,,are the longitudinal stress and strain of unconfined

concrete.

b-_Continuous Confinement Models: Most of the existing models® 101113.14.15.21,22

were developed for FRP jacketed concrete. These include: (1) the ACI 4402 model and
(2) the model by Saadatmanesh et. al*°. The key difference between the two is that ACI
440°® model predicts stress-strain behavior only up to the maximum load, while the

model by Saadatmanesh et. al.!? predicts the full stress-strain response. It should also
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be noted that neither models predicts the maximum stress, but instead, both use the
following relationship for triaxially confined concrete, developed by Mander et al?® :

Olecy = O¢ + 4105, Eq.IL 3

Where o, is the peak stress of unconfined concrete, a;.., IS the peak stress of confined

concrete

_ 20pxxculst

= Eq.11.4
O2cu DoSrrx q

where Ag; is the area of the composite strap, D, is the diameter of the concrete core (i.e.
central portion of the column effectively confined by the composite), s, IS the pitch
of the lateral confinement, g;,.c,, 1S the tensile stress of composite at peak and o,

is the lateral peak stress.

1. ACI 440 Model: ACI 4408 uses the following model for predicting the

ascending behavior of concrete confined with FRP jackets.

(Ec - Elcz)zslzc

O-lC = E:CSIC - 4‘0’C 0 < S]c < EICCO Eq. II. 5
01c = 0¢ + Ejz8ic €lcco < E1c < Eccu Eq.IL.6
Olccu — Oc
Ejep = ———F Eq.11.7
€lccu
20¢ Eq.II.8
€lcco Ec _ Elcz q. 1L
Olccu = Oc + Pr3.3Ka05¢y Eq.I1.9
Gy /€ 0.45
Elccu = ¢ <1-5 + 12k, — ( lFR,Pcu) ) Eq.11.10
Oc €

2E nterpe
Gpey = IFRP ];‘RP IFRPcu Eq.I1. 11
(o}
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Where g, and ¢, are the longitudinal stress and strain of confined concrete,
O1ccu AN €., are longitudinal stress and strain at peak. €;..,is the confinement
stress at the point at which the slope of the stress-strain curve equals.,E;.,;
where Ej., is the in-elastic modulus of stress strain curve during activation of
the composite (i.e., the point of the initiation of tensile stresses in the composite
due to lateral expansion of the column). E,. is the modulus of unconfined
concrete. ¢ is areduction factor =0.95. k, and k,, are coefficient factors equal
to 1 for circular sections. o, is the concrete core lateral stress at peak, n is the
number of layers of FRP, tzxp is the thickness of the FRP composite, &rrpcuy 1S
strain at peak stress, E;rzp is the tensile modulus of the FRP composite, and D,

is the diameter of the concrete core effectively confined by the composite.

2. Model by H. Saadatmanesh et. al.: It represents the full stress-strain model

developed by H. Saadatmanesh et. al*° for concrete confined with FRP straps.

Refer to the referenced paper for illustration..

(0] Xr
Olc = %:xr 0 < g < €er Eq.1112
€
X = —< Eq.IL 13
€lccu
(0
€lecy = €L |1+ 5 [ :f“ — 1]] Eq.1L. 14
C
_ L Eq.11.15
r= _ Olccu q- 1
€lccu

7.94-0"2cu> _ 20J2cu Eq.Il. 16

Olccu = G’c —1.254 + 2.254\/(1 + o o
c c

! Ae
Oscu = O'ZcuA— Eq.I1.17
cc
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. 201prpcuBst
O2cu =

Eq.11.18
D Sgrp

Where € is the strain at rupture of confined concrete and previously defined
parameters are the same, while

Acc = Ag(1—peo) Eq.I. 19
is the effective area of concrete enclosed by composite strap

A, is the gross area of concrete, p,. is the ratio of longitudinal reinforcement to
gross area of concrete, A, is the area of effectively confined concrete core,
o1rrpcu 1S the tensile stress of FRP composite at peak, As; is the area of the FRP
strap which is equal to tzgpsggp for the case of continuous confinements. D, is
the diameter of column, and szp is the width of FRP strap, tggp is the thickness
of FRP strap.

Furthermore, H. Saadatmanesh et. al'® proposed an approach based on the
concept of balance of energy to calculate the longitudinal compressive strain of
confined concrete at failure ¢.,. In this approach, the additional ductility
available when concrete is confined is considered to be due to energy stored in
the confining composite straps.

Ug = Uee + Ug — Ugg Eq.11. 20
Where U., = ultimate strain energy per unit volume of unconfined concrete
given by

Ueo = Ac [ 0ycdee Eq.IL21
Ug = energy required to maintain yield in longitudinal steel in compression
given by

Ugt = pecAc f, “ ogdeg Eq.11.22

U.. = ultimate strain energy per unit volume of confined concrete



20

Uee = Ac ;%" ocde Eq.1L 23
Ug: = ultimate strain energy per unit volume of composite strap given by

Ust = psAc f, *° osedeg Eq.1L 24
Then the ultimate compression strain of concrete at the point of fracture of the
confining composite strap can be calculated, resulting in complete
determination of the stress strain curve of the confined concrete throughout the
entire range of loading, up to the fracture of composite strap and consequent

failure of the column.

3. Model by Sayyed A.D. et. al.”: The following represents the stress-strain

model of reinforced concrete (RC) columns confined with ultra-high
performance fiber reinforced concrete (UHPFRC) jackets. However, this

model was not used in our research.

Occ€
&
o= ad 7 fore < e Eq.11.25
n—1+ (E_cc)
n=—2_ Eq.IL 26
EO_SCC
O.- — O,
G:u(g_gcu)'i'o-cu fore> e Eq.11.27
€cc ~ €cu

Where, o, is the compressive strength of the confined concrete,
.. represents the longitudinal compressive strain of the concrete,E, is the
slope of the first portion, and & denotes the longitudinal strain, . are the
ultimate stress and the corresponding axial strain, and n is the number of data

(1,2,3...)



21

1.  EXPERIMENTAL PROGRAM

The testing was done according to ASTM C49/C49M-1416 “Standard Test Method for
Static Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression”?,
Testing apparatus consists of compressive MATEST machine set at rate control of 0.2
mm/sec (0.0078 in. /sec). Figure I11-1 shows the MATEST setup; Two LVDT’s were
placed vertically and diametrically opposite the test cylinder to measure the longitudinal
strains (LVDT 1&2). A third LVDT was placed horizontally along the circumference
to measure the Poisson’s ratio; (LVDT3). For measuring transverse strains, the
apparatus has a pivot at one end of the cylinder and measurements are taken at the other
end of the cylinder diametrically opposite. A fourth LVDT was attached to the cross
head of the testing machine in order to confirm the set control rate for the test. The

stroke control LVDT was used only to measure the modulus of elasticity of the sample

specimens. The load was measured through the built in load cell.
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3.1 MATERIAL PROPERTIES
In this chapter, materials used in this study, consists of fifty samples, divided among
different confinement’s products illustrated in Figurelll-2(a, b, c, d). Further detailed

discussion is presented in the upcoming section.

(d)

Figure 111-2: (a)Fiber reinforced polymer, (b) Spiral wire, (¢) wire mesh, and (d) steel fibers
materials
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3.1.1  Fiber Reinforced Polymers
FRP composites are made up of short fibers or filaments of glass, carbon, etc., bonded

together with a resin matrix as shown in Figure 111-3. The fibers provide the composites
with their unique structural properties. The matrix serves only as a bonding agent. Two
major types of resin-impregnated unidirectional composite straps are used in this study;
Fiber Glass Polymer (FGP), and Fiber Carbon Polymer (FCP) with different layers?®.

From FGP, Tyfo® SEH-51A% material was used; however, from FCP, Tyfo® SCH-

11UP% and Tyfo® SCH-41% materials were used.

Tyfo® SEH-51A% is a custom weave, uni-directional glass fabric. The glass material
is orientated in the 0° direction with additional yellow glass cross fibers at 90°;
However, as for the Tyfo® SCH-11UP% & Tyfo® SCH-41%, both are custom, uni-

directional carbon fabric orientated in the 0-degree direction

Mechanical properties of Tyfo® SEH-51A%; glass fiber, and Tyfo® SCH-11UP%,
Tyfo® SCH-41%; carbon fiber fabric materials along with the resin Tyfo® S Epoxy?®
used are presented in Fyfe Europe data sheet?. In general, the tensile strength and
modulus of elasticity of composites, i.e., resin and fiber, based on gross cross-sectional

area, are smaller than the strength and modulus of the constituent fiber itself.
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Figure 111-3: Fiber reinforced polymer application technique

3.1.2  Steel Fiber Reinforcement
Steel fiber is a metal reinforcement usually intermixed with concrete (low percentage

fibers), or infiltrated with slurry (high percentage fibers). Steel fiber for reinforcing
concrete is defined as short, discrete lengths of fibers with an aspect ratio (ratio of length
to diameter) from about 20 to 100, with different cross-sections. They are sufficiently
small to be randomly dispersed in an unhardened concrete mixture using the usual
mixing procedures. A certain amount of steel fiber in concrete can cause qualitative
changes in concrete’s mechanical property, greatly increasing resistance to cracking,

impact, fatigue, bending, tenacity, durability, and other properties. Steel fiber can be
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categorized into five groups, depending on the manufacturing process and its shape
and/or section: cold-drawn wire, cut sheet, melt-extracted, mill cut, and modified cold-

drawn wire?®.

The fiber used in the study is a hooked shape fiber of length 50mm (1.97in.) and

diameter 1.05mm (0.04in.); aspect ratio (I/d) =45 as shown in Figure 111-2(d)

The reason for using hooked steel fibers in this study; as previous studies have found
that hooked-end fiber is more effective than straight or crimped fiber in improving the
tensile behavior of concrete?®. Consequently, through statistical analysis of fibers
production all over the world, Katzer 2’ reported that 67.1% are the hooked type. Thus,
Katzer?” study clearly indicates that hooked-end steel fiber is the most popular and

effective type of reinforcing fiber for concrete.

According to ASTM A820%, the tensile strength of steel fibers is 1.115N/mm?
(161.71b/inch?) with tolerances + 7.5% average. Young modulus records + 200 N/
mm?(29Kip/inch?)
3.1.3  Wire Mesh

The wire mesh (WIM) used in the study is a square shape steel wire mesh. It consists
of wire strands electrically welded together to form a high strength mesh. WIM is
available in two formats: Rolled mesh and rigid mesh. The study is based on rolled,
thin, flexible, zinc coated steel wire with axial gaps. (WIM) reinforcement was tested
to better understand contribution of fibers placed at various angles to the jacketed

column; “fibers” being oriented only in the vertical and the horizontal direction.

Mesh used in the study has a diameter of 1mm (0.04inch) with modulus of elasticity
40,000 MPa (5,802 Ksi), Yield strength of 1,600 MPa (232 Ksi), with brittle failure at

0.04 strain. The horizontal wire pitch, i.e. the distance between two horizontal wire
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strands is 10mm (0.39inch), and the vertical wire pitch, i.e. the distance between two

vertical wire strands is 10mm (0.39inch) as shown in Figure 111-4(a).

3.1.4  Spiral Reinforcement
Spiral reinforcement is also termed as helical reinforcement, which is used, only in the

circular column. Spiral reinforcement contribute to bind the longitudinal
reinforcements, make the column stiff against buckling due to axial loading or eccentric
moment or lateral loading, and provides resistance against shear in column, though
shear is small in magnitude. This confinement provides the column (which works
mainly in compression) with both more capacity and ductility. Spiral reinforcement was
tested as presenting a typical confinement used through ages.

Wire spiral reinforcement used in this study consists of galvanized steel wire with a
3mm diameter, a modulus of elasticity 5,000MPa (725Ksi) and yield strength of
500MPa (72.5Ksi). As for further mechanical properties, refer to ANBAO Corp., Wire

& Wire Products 2°.

Two pitch sample criteria were used-a 20mm (0.79inch) and 30mm (1.18inch) pitch;

each made up six samples for testing; as shown in Figure 111-4(b)

(@) (b)

Figure 111-4: Confinement application for both (a) wire mesh (b) and spiral reinforcement
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3.2 TASKS & METHODOLOGY

The following section presents the material sampling and mix designs proportions used
in the study. As previously discussed, the aim of this study is to develop complete
stress-strain models for fibrous composites: (FRC, SIFC, WIM, FRM), investigate,

compare their behavior to existing FRP, and SP confined concrete.

Regular Concrete (CONC)

The regular concrete mix design is similar for all regular/control specimens and core
concrete of confined specimens. A consistence concrete strength was used for
comparison reasons only. Mix design proportions are presented in Table I1I-1 for a
targeted concrete strength of 40MPa (5.8Ksi). Concrete samples (CON) consisted of
Type | Portland cement, 19 mm (3/4 in.) coarse aggregate, fine aggregate (sand) and

water in the proportions of 1: 2: 2: 0.4 by weight, respectively.

Table 111-1: CONC Mix Design |

Material Weight of mate!’ial % of C_:ement
Kg(lb);proportion (weight)
Cement 24(53);W. 100%
Sand 48(105.8);2W. 200%
Aggregate (3/4”°) 48 (105.8);2W. 200%
Water 10(22);0.4W, 42%

Fiber Reinforced Mortar (FRM), Slurry Infiltrated Concrete (SIFC)

As for fiber reinforced mortar (FRM) and slurry infiltrated fiber concrete (SIFC), the
slurry mix design was based on a study done by Naaman et al?® for having an optimized
(maximum) tensile strength of SIFC. However, Krstulovic-Opara et.al®® and Sary
A.M.3! have modified these proportions based on excessive research in order to attain

the optimized slurry mix design proportions; giving a maximum tensile strength of
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fibrous composites; Mix design proportions are presented in Tables I11-2. The slurry for
(FRM) and (SIFC) consisted of Portland cement type I, silica sand, micro silica, water
and superplasticizer of portions by weight of cement of 1: 0.5, 0.5, 0.3, 0.01,
respectively.

Table 111-2: FRM & SIFC Mix Design Il
Weight of material % of Cement

Material Kg(lb);proportion (weight)
Cement 59.5(131.2);W¢ 100%
Water 17.8(39.2);0.3W¢ 30%
Silica Sand 29.74(65.6);0.5W¢ 50%
Micro silica 29.74(65.6);0.5W¢ 50%
Superplasticizer 0.59(1.3);0.01W¢ 1%

Fiber Reinforced Concrete (FRC)

As for Fiber Reinforced Concrete, the concrete mix design was based on studies done
by Lee et.al® and Naaman et.al®® for having an optimized (maximum) tensile stress-
strain properties of FRC, presented in Tablelll-3. The concrete mix for (FRC) consisted
of Portland cement type I, 9.5 mm (3/8 in.) coarse aggregate, fine aggregate (sand), and
water of proportions by weight of cement of 1: 2, 2, 0.4, respectively. A 3/8 in. coarse

aggregate was used to simplify casting in a 25.4mm (1-inch) confinement.

Table 111-3: FRC Mix Design Il

Material Weight of mate_rial % of C_:ement
Kg(lb);proportion (weight)
Cement 24(53);W. 100%
Sand 48(105.8);2W¢ 200%
Aggregate (3/8”’) 48 (105.8);2W. 200%

Water 10(22);0.4W¢ 42%
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It should be noted no material testing was made: sieve analysis, (coarse and fine
aggregates), water absorption capacity, water content, density, etc. This gap has

contributed for having a marginal experimental error.

Hooked Steel Fibers Percent

An important action of fibers in cement composites, is to stop and redirect the
propagation of internal flaws (e.g., micro cracks) under increasing stresses®*. Thus
increasing the fibers percentage increases the confined matrix tensile strength.
Engineered Cementitious Composites (ECC) * currently employs 2% volume content
of random hooked short fibers that has achieved a maximum composite ductility, with
a minimum percent of fibers. Based on studies by Lee et.al®? and Naaman et.al®®, 2%
fiber volume is the maximum percent of fibers that can be used in concrete mixture,
avoiding fiber balling effect. Based on that a 2% fiber volume fraction will be used in

Fiber Reinforced Concrete (FRC) matrix.

As for Fiber Reinforced Mortar (FRM) a 1% fiber volume fraction will be used, based
on research and studies done by Naaman et.al® that have introduced the optimized %
fiber volume fraction in mortar matrix, 1%, as mixing difficulties and segregation will

be encountered at higher fiber contents (1 percent), which will lead to a harsh mix.

As for Slurry Infiltrated Fiber Concrete (SIFC), a 12% fiber volume fraction was used
based on study done by Naaman et.al?® on stress-strain properties of SIFC in both
compression and tension. It was noticed that a 12% hooked steel fiber gives an
optimized (maximum) tensile strength. For practical placement of fibers in a hoop

direction, a 25.4mm (1-inch) confinement was selected for all specimens.
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3.2.1  Material Sampling/Mix Design
Continuous confinement was provided by: (a) wrapping Fiber Reinforced Polymer

(FRP), jackets made using fiber polymer carbon (FPC) or fiber polymer glass (FPG)
composites. (b) Fiber Reinforced Concrete (FRC) composites with 2% steel fiber
volume fraction. (c) Fiber Reinforced Mortar (FRM) composites made with 1% steel
fiber volume fraction, and (d)Slurry Infiltrated Concrete (SIFC) composites made with

12% steel fiber volume fraction.

While discrete confinement was provided by: (a) spiral re-bar spaced at a 20mm (0.78
in.) pitch (SP2), (b) a spiral re-bar spaced at 30mm (1.18 in.) pitch (SP3), and (c) wire
mesh (WIM) that was cast within the cylinder. All cylinders were sulfur capped at top

and bottom to insure a level surface during load application as shown in Figure 111-5.

Figure II:I-.5: Sulfur cappig applicaion
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The following samples were considered and classified as follows in the experimental
investigation; partial/full confinement classification are later explained in the

subsequent text:

Low Performance Brittle Failure Composites (LPBF):

e (CON) Regular concrete — Eight Specimens-(discrete no confinement)
Eight concrete samples (CON) consisted of type | Portland cement, 19 mm (3/4 in.)

coarse aggregate, fine aggregate (sand) and water. The samples were poured in 150 mm
x 300 mm (6 in. x 12 in.) cylinder molds. Mix design | was used in material proportions,

as shown in Tablelll-1

e (SP3) Spiral reinforcement — Six Specimens-(discrete no confinement)
For (SP3), spirals?® of diameter 3 mm (0.118 in.) were placed in the molds at a pitch of

30 mm (1.18 in.) and a cover of 7.5 mm (0.29 in.) prior to pouring the concrete. Mix

Design | was used in material proportions, as shown in Tablelll-1

e (FRM) Fiber reinforced mortar—Six Specimens-(continuous partial confinement)
In (FRM) samples?®, the original concrete samples were first cured for 28 days. The

surface concrete was roughened to insure proper bonding as shown in Figure 111-6 (b),
and then a 25.4 mm (1 in.) confinement was poured consisting of a slurry mix
intermixed with 1% hooked steel fibers?® of length 50 mm (1.97 in.) and diameter 1.05
mm (0.041 in.) respectively. The slurry materials and proportions for (FRM) is
presented in Mix design 11, as shown in Tablelll-2.

Low Performance Ductile Failure composites (LPDF):

e (SP2) Spiral reinforcement —Six Specimens-(discrete full confinement)
For (SP2), spirals®® of diameter 3 mm (0.118 in.) were placed in the molds at a pitch of

20 mm (0.78 in.) and a cover of 7.5 mm (0.29 in.) prior to pouring the concrete. Mix

design | was used in material proportions, as shown in Tablelll-1

e (WIM) Wire mesh reinforcement —Six Specimens-(discrete full confinement)
For (WIM), a wire mesh steel grid 20mm x 10mm (0.39 in. x 0.39 in.) of diameter 1

mm (0.039 in.) was placed along the circumference of the molds to provide
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confinement; no concrete cover. The same control concrete was poured in the molds.

Mix design | was used in material proportions, as shown in Tablelll-1

o (FRC) Fiber reinforced concrete-Six Specimens-(continuous partial confinement)
Same fibers?® as in (FRM) were poured in a 25.4 mm (1 in.) confinement width but

with 2% fiber volume fraction. The concrete surface was roughened as for FRM, shown
in Figure 111-6(b). The concrete mix for (FRC) proportions is presented in Mix design

111, as shown in Tablelll-3

High Performance Brittle Failure (HPBF):

e (FPC) Fiber polymer carbon —Six Specimens-(continuous full confinement)
For (FPC) %, six control specimens are poured and cured in water for 28 days. Samples

were wrapped with carbon fiber polymers. Thickness of the layers was varied.

) 2-SCH-41% with one layer tppc =1 mm (0.039 in.)
Y 2-SCH-41% with two layers tzpc=2 mm (0.079 in.)
) 2-SCH-11 UP? with two layers tzp-=1.02 mm (0.04 in.)

e (FPG) Fiber polymer glass —Six Specimens-(continuous full confinement)
For (FPG) %, six control specimens were wrapped with glass fiber polymers. Thickness

of the layers were varied.

Y 3-SEH-51A% with one layer tzp; =1.3 mm (0.051 in.)
Y 3-SEH-51A% with two layers tzp; =2.6 mm (0.102 in.)

High Performance Ductile Failure (HPDF):

e (SIFC) Slurry infiltrated concrete-Six Specimens-(continuous full confinement)
For (SIFC), 12 percent fibers?® similar to FRM and FRC, were pre-layed around the

circumference within a thickness of 25.4 mm (1 in.) after attaining a rough surface
concrete, as shown in Figure I11-6(a, b). Slurry materials and proportions for (SIFC) is

presented in Mix design 11, as shown in Tablelll-2.
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(@) ()
Figure 111-6: SIFCON confinement application technique (a) pre-layed fibers (b) Rough
Surface

IV. EXPERIMENTAL RESULTS

4.1  TYPICAL STRESS STRAIN CURVE OF CONFINED CONCRETE
Confinement types are categorized into the following: Low Performance Brittle Failure

(LPBF), Low Performance Ductile Failure (LPDF), High Performance Brittle Failure
(HPBF), and High Performance Ductile Failure (HPDF), based on their stress-strain
response (resistance), strains at failure (ductility) and toughness (energy absorption).
The performance criterion is based on the expected level of strength. The failure
criterion is based on the energy absorption and expected level of stress and strain at

rupture.

Brittle failures are dictated when the longitudinal confinement strains (i.e. strains
occurring before the tensile stresses in the composite occur designated as activation of
the composite) are close to the peak strains where no first crack of composite is noted

and concrete core has already witnessed cracks prior to any activation of the composite.
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However, brittle failure is also noted when confinement strains of the composite are
less than the peak axial compressive strains of the confined concrete, thus the
composites are activated, however, confined concrete do not sustain axial compressive
strains beyond peak (sudden rupture; explosive behavior) such as in Fiber-Reinforced

Polymers (FRP).

Ductile failures are observed when the composite confinement strains are smaller than
the peak axial compressive strains resulting in no surface cracks within the concrete
core allowing the composite to get activated thus working to protect the concrete core.
In addition, ductile failure occurs when composites allow a softening response and not

a sudden failure beyond peak.

Confinements are also classified into continuous or discrete confinement/ full or partial
confinement. Continuous confinement is when the composite is wrapped continuously
around the structural members while in discrete confinements they are spaced at a
specific pitch. Partial confinement?!, when the peak axial stress of confined concrete is
less than the confinement stress (circumferential tensile confinement stress measured
at the plastic centroid, Refer to Appendix 1V) and less than the strength of unconfined
concrete, while full confinement is achieved when peak stresses are larger than the

confinement stress, which is larger than the strength of pure concrete.

Figures 1V-1 (a) and (b) represents typical graphs of confined concrete for the
longitudinal stress versus the longitudinal strain for full and partial confinement.
Figures IV-2 (a) and (b) represent typical graphs of confined concrete for the

longitudinal stress versus the transverse strain for full and partial confinement. Figure
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IV-3(a) is represented by Poisson’s ratio (longitudinal strain versus transverse stain
(radial) of confined concrete) of the material and Figure 1VV-3(b) represents a typical

tensile stress strain curve of the composite or the lateral confinement.
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Figure 1V-1: (a) Typical longitudinal stress-strain curves for fully confined concrete (b)
Typical longitudinal stress-strain curves for partially confined concrete
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Figure 1\VV-2: (a) Typical Longitudinal stress-transverse strain curves for fully confined
concrete (b) Typical longitudinal stress-transverse strain curves for partially confined
concrete
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Figure 1VV-3: (a) Typical Longitudinal strain-transverse strain curves for confined concrete (b)
Typical longitudinal stress- strain curves in tension for composites
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Figures 1V-1-2-3 are represented by the following different regions and behavior:

Ascending Branch

As defined the ascending branch consists of three distinct regions as shown in Figures
IV (a,b):

1. Confinement Region: Only insignificant lateral expansion of the concrete
column takes place in this region, and therefore no tensile stresses have yet
developed in the confining composite. Consequently, the entire concrete as
well as the confining composite carry compression. At the end of this
region, stresses and strain values reach a;.., and &;..,.

2. Transition Region: The stress level in this region drops due to composite
first crack. The extent of the decrease is a function of the level of
confinement, i.e. the spacing or thickness of the discrete or continuous
confinement respectively. The transition region represents the end of the
confinement region and the onset of the composite activation region. This
behavior is further discussed in the subsequent text.

3. Composite Activation Region: Significant lateral expansion takes place in
this region, leading to the development of tensile stresses in the composite
jacket. Stresses and strains in the concrete core effectively confined by the
composite range between o;.., and &, and the peak values at o;.., and

Elecu-

Descending Branch

As defined the descending branch the failure of the composite jacket starts first,
followed by rupture of the concrete core. FRP confined concrete experience brittle

failure (explosive rupture, no softening behavior effect). Spiral, wire mesh, FRC, FRM
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and SIFC confined concrete exhibits different levels of ductile failure. Spiral, and /or
wire mesh are governed by the spacing and yielding of the composite. FRC and FRM
failure is governed by the fiber pull out, while SIFC failure is governed by the fiber
debonding mechanism due to continuity of fibers. Specimens are classified into brittle

and ductile failure based on a previously defined criteria.

Detailed explanation of presented regions:

41.1 Confinement Region
(OAB) represents the longitudinal strain g;.,, transverse strain &;.., and longitudinal
stress 0., Of the confined concrete at end of confinement. In this region, the composite
and the concrete core act as two springs in parallel, deform the same amount, and
support a total load equal to the sum of the loads of each component. The elastic
modulus of elasticity of the confined concrete is represented by E,.., Which is equal to
that of pure concrete E. for discrete composites and larger than E,. for continuous
composites due to the additional effect of the modulus of the matrix in
compression E,,,.... The confinement region consists of a linear stage (OA) and a non-
linear stage (AB). The elastic stage is represented by the following proportional limits
of longitudinal strain g, transverse strain &, and longitudinal stress g, of the
confined concrete respectively. The non-linear stage is represented by the in-elastic
modulus at Ej., at the point ( &.¢c0, Ticco) Which is the slope of the line between o/
and o;.., Where g/ is the ultimate strength of unconfined concrete, gy, is the peak
stress of confined concrete. It is noted that ..., and &, as shown in Figure 1V-2(a)

and 1VV-3(a), are zero during confinement and no transverse deformations are noted.
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4.1.2 Transition Region
Point B is the transition point between confinement and the activation of the composite
material. Composite material induces a composite tensile force that resist the lateral
force within the concrete core. At this point, a sudden drop is expected because of the
activation of the composite (first crack in the composite). Thus we will have a formation
of two peaks; where a first peak occurs gy, (end of confinement, activation of
composite) and a second peak g, , that represents the strength of confined concrete.
E|., is the modulus during activation of the composite between end of confinement and
peak g;..,; Which is the slope of the line between ¢/, and oy, .0/, represents the
compressive strength of the concrete core at start of composite activation. This change
in slope is dependent on the thickness of the composite material for continuous
confinement and the spacing for the discrete composites. There are optimized values
for spacing and thickness for each type of composite above which renders the system

ineffective, values and calculations presented later in the study.

When the spacing of discrete confinements is between zero and the optimized value,
the point B which is the confined stress a;.., shifts downward from a higher value to
reach point B’. Once the spacing reaches optimized value and larger, then point B
matches point B’ and the stress oj.., reaches o/, (which is the stress at start of

composite activation) and the slope E;., will equals Ej., .

o.c > a, for spirals due to the cover thickness and a;. = g, for wire mesh. For every

spacing value, there is a different point location of B.

In the case of optimized thickness for continuous confinements, when the thickness of
the composite is between zero (o, = ;) and the optimized value, the point B’ (o, >

o.) due to thickness of the composite starts moving upwards towards point B (0;.¢,) -
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For every thickness value there is a different point location of B’. Once the thickness
reaches optimized value and larger, then point B’ matches point B and the slope

becomes Ej., .

For partial confinement, the slopes are negative E;., < 0 and Ej., < 0and the process
is reversed as shown in Figures 1V-1(b). Confined concrete stress (o0;.¢,) 1S lower than
the compressive strength of both normal concrete o/ and concrete core at start of
composite activation a/.. As the maximum recorded stress that can be achieved is the
compressive strength of normal concrete, o;.. The strength shifts between confined
concrete stress (0;.¢,) and normal concrete strength o, based on the optimized spacing

and thickness of the composite.

As for the ultimate/ peak strength of confined concrete gy, it records a value lower
than that of confined concrete stress (0;.c,); causing negative slopes of inelastic
modulus of elasticity. In other words, the confined concrete will have an ultimate
strength value that is less than that of pure concrete. Such behavior is due to radial
stresses caused by different fiber alignments, which is later studied in the upcoming

chapters.

When the spacing of discrete confinements is between zero and the optimized value,
the point B which is the confined stress a;.., shifts downward from B’ (compressive
strength of pure concrete) to reach point B. At zero discrete confinement the slope
E,., equals Ej., and g;.., matches o, . Once the spacing reaches optimized value and
larger, then point B record a lower value than point B’ thus stress 0j.., < 0/ < 0/

(oic which is the stress at start of composite activation)

In the case of optimized thickness for continuous confinements, when the thickness of

the composite is between zero (o, = /) and the optimized value, the point B due to
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thickness of the composite starts moving upwards towards point B’ . For every thickness
value there is a different point location of B. Once the thickness reaches optimized

value and larger, then point B matches point B” and the slope becomes E';., = Ej., .

413 First Crack / Multiple Cracking Region of Composite

This region is called the activation region. In this region (BCD) is represented by the
longitudinal strain &;..,, transverse strain &;..,, and longitudinal stress o;.., at peak of
confined concrete. This represents the end of first crack (BC) or end of multiple
cracking (CD) regions of the composite. The response of the composite separates from
the concrete core and the tensile stress of the composite (&xxp» Trxxaps Etxxxcus Tixxxcu)
as shown in Figure 1V-3(b) is resisted by the lateral stress o, within the core during
composite activation. a,., represents the lateral stress at peak or end of activation (end
of first crack or multiple cracking of composite).

(Eixxxp Ouxxxp) @re the proportional strains and stresses of the composite at end of first
crack for FRM, FRC and SIFC. &pyxxcu Orexxcu @re the strain and stress of composite
at peak for FRM and FRC or end of multiple cracking for SIFC. Stresses and strains at
proportional limit, peak and rupture are equal for each of SP2, SP3, WIM, FPG and
FPC. The stress strain curve for these composites is a straight line. (xxx is the index
designation for the different types of composites as shown in the list of notations.)

414 The fiber Debonding or Fiber Pull-Out Region
This region (DE) is represented by the longitudinal strain ¢;.,, transverse strain &,
and longitudinal stress o;.,at the end of fiber pull-out (FRC and FRM) or debonding
SIFC. This is the final stage of fiber pull-out or debonding (&;xxxr» T1xxxr) rEPresented
by the rupture stress and strain of the fibrous composite as shown in Figure 1V-3(b).

Eventual exposure of the concrete core resulting in the initiation process of the first
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crack of the concrete core. This region does not exist for SP2, SP3, WIM, FPG and
FPC.
4.1.5 The Concrete Core First Crack Region

In this region (EF) represent the rupture longitudinal stain &;, , rupture transverse strain
, Et¢r and rupture longitudinal stress o,.,- at end of confined concrete core failure. This
is failure of the specimen where the concrete core has ruptured. The failure response is
different than that of unconfined concrete due to confinement. The slope of the line in
Figure IV-3(a) in that region represents a Poison’s ratio of unconfined concrete that was

originally in confinement, which is larger than that of unconfined concrete.

4.2 DISCUSSION OF CONFINED CONCRETE WITH DIFFERENT COMPOSITES

421 Low Performance Brittle Failure Composites (LPBF)
CON, SP3 and FRM: This system is considered unconfined with a confinement region
(£1cc00 Etccor T1cco) (OAB) dominated by the concrete core first crack region only
whereby the column has no first or multiple cracking of composite. The 3cm (1.18in.)
spacing in SP3 was large enough to allow for the propagation of surface cracks though
the spiral reinforcement towards the concrete core. The confinement stress and strain
(01¢c0» €1cc0) are close to the stress and strain of unconfined concrete (., ¢."). During
confinement an elastic (OA) region exists with a modulus E;.., and in-elastic regions
of Ei., = Ej., = 0 reaching the peak strain and stress (&ccu, Etccw Orcc)  that of

unconfined concrete (BCD, BC=0 and CD=0)

In FRM due to varying orientation of fibers, tensile radial stresses occur on the concrete
core thus weakening it and translating to peak stresses lower than unconfined concrete

resulting in partial confinement. E;., # Ej., . E;.; < 0 and Ej., does not exist since the
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confinement strain &, is close to peak strain ¢,.,. Before peak stress is reached
(BCD, CD=0), first crack with no multiple cracking of the composite is noted. This is
related to stresses and strains of composite at first crack and peak
(&1rRMp» O1FRMp) E1FRMcw O1FRMcu)- After peak stress and strain of the confined
concrete, rupture of the composite (&;0, €tco» Tico) (DEF) will take place, due to pull-
out of fibers (&;rrumr» O1rrRMr) (DE), resulting in a typical stress strain failure response
of the concrete core (&;¢r, €ccrr 01cr) (EF). The failure is brittle due to the low percentage

of fiber volume fraction and lack of presence of coarse aggregates.

Figure 1V-4 (a) shows the brittle typical cone failure of concrete with splitting effect of
the cylinder. Figure 1V-4(b) shows fiber pull-out during the FRM confined concrete

brittle failure.

() (b) (©
Figure IV-4 (a) Typical failure of concrete specimen (b) Typical failure of concrete specimen
confined with FRM with 1 percent fibers (c) Typical failure of spiral reinforced concrete
specimen
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422 Low Performance Ductile Failure Composites (LPDF)
SP2, WIM and FRC: The response of the system is similar to that of unconfined
concrete during confinement and then a first crack of the spiral or wire mesh where the

composite picks up its tensile stress

(Eixxxp = Epxxxcu = Eixxxrs Otxxxp = Olxxxcu = Olxxxr) Where xxx is the index
designation for SP2 or WIM. The tensile stress and strain at first crack and peak for
FRC is represent by (&;rrcps Oirrcps E1FRCus Otrrcew)- IN this region (BCD CD=0) the
tensile stresses of the composite develop lateral core stresses o, within the concrete
core. Spalling is noted during that phase for the spiral reinforcement since the spirals
have a clear cover while the wire mesh no spalling occurs. For SP2 and WIM, E,., =
E,., (curve shifts down) where the confined stress o;.., matches o, where o;. > o

for spirals due to the presence of a concrete cover and o, = o, for wire mesh.

In (FRC), since the peak and confinement stresses are lower than pure concrete due to
varying fiber orientation, partial confinement similar to FRM is considered. E;., #
E;., < 0. The shift between B and B’ is relatively significant since the confinement

strains are smaller than the peak strains.

Figure IV-4(c) shows the effect of spiral confinement and spalling effects during first
yield of the spirals and eventual cracking at the surface of the concrete core. Figure 1V-
5(a) shows limited cracking at the surface due to the smaller spacing of the wire mesh
with the mesh protecting the concrete core and an eventual failure of the wire mesh.
Figure 1V-5(b) shows a ductile failure with limited crack width of the FRC composite
compared to FRM due to the larger volume fraction of the fibers and presence of coarse

aggregates in the composite mix.
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(@) (b) (©

Figure IV-5 (a) Typical failure of concrete specimen confined with wire mesh (b) Typical
failure of concrete specimen confined with FRC with 2 percent fibers (c) Typical failure of
concrete specimen confined with carbon FRP

423 High Performance Brittle Failure Composites (HPBF)
FPC, FPG: Fiber Reinforced Polymers exhibit a confinement region (OAB) and
eventually a first crack of the composite (BCD, CD=0) thus initiating the stress strain
response of the composite (glxxxp = Eixxxcu = €ixxxry Olxxxp = Olxxxcu — Olxxxr)
where xxx is the index designation for FPC and FPG. At the transition point of the
stress-strain curve, E;., # Ej., (curve shifts up) resulting in a first and second peak
response. Due to composite brittleness, initiation of first cracks in the composite and
concrete core takes place simultaneously reaching peak stress and strain of confined
(€1ccu = €ier » Etccu = Eters Oicew = 1er) - NO fiber pull-out and no later first crack
of the concrete core takes place (DEF, DE=0,EF=0). This simultaneous behavior of first
crack in the composite and in the concrete core results in a brittle high explosive rupture
with no softening response beyond peak as in other composites. Figure V-5 (c) and
Figure IV-6 (a) show the brittle failure of carbon and glass after first crack of the

composite.
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(a) (b)
Figure 1\VV-6:(a) Typical failure of concrete specimen confined with glass FRP (b) Typical
failure of concrete specimen confined with SIFCON with 12 percent fibers

424 High Performance Ductile Failure Composites (HPDF)
Fibers are transversely aligned that will produce continuous confinement. The
confinement region (&iccos Etccor Ticco) (OAB), first crack (BC) (&isirp, Oisirp) and
multiple cracking (&is1rcu Tisiren) (CD) takes place due to the continuity of fibers. First
cracks of the composite results and multiple cracks propagate longitudinally along the
circumference of the cylinder. E;., = Ej., > 0 and the point B’ reaches point B at
(€1cco» Ticco)Which is larger than the ultimate strength of unconfined concrete. End of
multiple cracking resulting in a peak stress and strain of confined
concrete(&;cewr Ercew T1ccn)- At end of multiple cracking, a localized crack is formed
where fiber debonding takes place (&;5;rr 01517) (DE). Through the localized crack, a
crack at the surface of the concrete core is formed (.o, €tco, 01c0) (DE), resulting in
propagation to the concrete core and eventual rupture of the concrete core and

failure (&1cr) €terr 01cr) (EF). Figure 1V-6 (b) shows the crack width being sustained by



49

the fibers during debonding due to the continuity of fibers and resulting in softening

effects of the system.

4.3  EXPERIMENTAL RESULTS AND DISCUSSION

Tables IV-1 and IV-2 show experimental results for pre-peak and post-peak experiment
longitudinal stress and longitudinal strain parameters of representative curves for the
different composites. All parameters have been as previously defined and in the
notation list. T;, T; represent the area under the longitudinal and transverse stress strain
curve till rupture and TI;, TI, represent the toughness index in the longitudinal and
transverse direction which is the ratio of the area of the system to that of unconfined
concrete indicative of energy absorption. The parameters in parenthesis represent the
associated composite parameters as previously defined. Tables IV-3 and V-4 show
experimental results for pre-peak and post-peak longitudinal strain and transverse strain
parameters of representative curves for the different composites. Tables X-1 to X-16 in
Appendix | shows the tabulated experimental results for all tested samples. Figure 1V-
7 to IV-17 represent experimental longitudinal and transverse stress-strain curves and
the Poisson ratio curves for the different composites for comparison. Figures X.1 to
X.27 in Appendix | show the experimental longitudinal and transverse stress-strain
curves and the Poisson ratio curves for all different composites specimens. A regression
analysis was performed for these graphs to develop the corresponding analytical
equations for the transverse stress-strain curves.

Various experimental difficulties were faced that have led to lack of data consistency.
An analysis was thus made on one typical specimen picked based on various literature
review data and engineering standpoint judgement;

The following results are noted:
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Table I1V-1: Pre peak experimental data for longitudinal stress and strain of confined
concrete (0.15 Ksi=1 MPa)

U S v | e | e | e

(ksi) | MPa(Ksi) v (Ksi) (Ksi) | (Ksi) e

CON (247061962) (532) 0.0013 0 0 (é.zl) 0.003

LPBF FRM 53%1{32587) (2?5) 0.0014 £:2322560) NA (j’fl) 0.004
sP3 535602060) (gi) 0.0014 0 0 (g_zlg) 0.004

FRC Gy | n | "0 | (Toey | (o | @ | 002

LPDF WIM (23670708 (;%) 0.001 (2312(; gg) ?ez.fsz) 0.003
sP2 (23‘;67687) (53.1) 0.0015 (2312% (23120) (gg) 0.003

FPC(SCH-41-1) 548154742) (g%) 0.0014 (248006(; (3558)8(; (é.g) 0.002
FPC(SCH-41-2) 547061963) (532) 0.0013 (2209000) (23%383; ‘(1% 0.003

HPBF |  FPC(11UP-2) (2368"5’791) Gy | 00007 (1116235) (12%141_58) ?8(; 0.007
FPG(SEH-1) (2348%697) (53.1) 0.0015 (1230‘; (1182.57) (3.21) 0.006

FPG(SEH-2) 53482697) (53.1) 0.0015 éggfl&s) (21%%) ?78) 0.004
HPDF SIFC (342751040) ég) 0.0008 (2209000) (2205)0(; (é.zl) 0.0014

Table IV-2: Post-peak experimental data for longitudinal stress and strain of confined concrete
(symbols in parenthesis represent the composite parameters) (0.15 Ksi=1 MPa)

Olccu
(O1xxxp Elccu ( ; ::’xr) Elco Olcr T,
Oxxxcu) (Erexxp, Mpa | (Buxxr) MPa Eier MPa TI,
S P N (Ksi) (Ksi)
(Ksi)
CON (321) 0.0025 - - (;51) 0.005 (8'.323) 1
LPBF FRM (43.%) 0.004 (43%) 0.0051 (ﬁ_)) 0.0057 (8:3‘2‘) 11
sP3 (g_zlg) 0.004 - - (;51) 0.008 (53275) 13
FRC (gg) 0.003 (5_%) 0.007 (12‘?'45) 0.016 (8:(2)% 16
LPDF WIM (g‘j) 0.0041 - - (E?g) 0.011 (8:(2)2) 2
P2 (355) 0.0043 - - (22.%) 0.02 (8288) 44
FPC (SCH41-1) (zg) 0.01 - - (18) 0.01 (g:gg) 4
FPC (SCH41-2) (?‘2‘) 0.021 - - (3‘2‘) 0.021 (ézfg) 10
HPBF | FPC (11UP-1) (ﬁ) 0.032 - - (ﬁ) 0.025 (01_'275) 126
FPG (SEH-1) (355) 0.022 - - (;55) 0.022 (0%‘5"8) 3
FPG (SEH-2) (181(_’6) 0.023 - - (ﬁ%) 0.023 (é:fg) 10
HPDF SIFC (75_%) 0.004 (?_g) 0.0054 (22_%) 0.042 (é:ig) 10
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Table IV-3: Pre-peak experimental data for longitudinal and transverse strains of confined
concrete (symbols in parenthesis represent the composite parameters)

£ £ Elccu Etccu
tep e Eteco Etceo (slxxxp,slxxxcu) (Elxxxp,slxxxcu)
CON 0.0013 0.00039 0.0025 0.00075 0.0025 0.00075
LPBF FRM 0.0014 0 0.004 0.00032 0.004 0.00032
SP3 0.0014 0.000067 0.004 0.00023 0.004 0.00067
FRC 0.001 0 0.002 0 0.003 0.00045
LPDF WIM 0.001 0 0.002 0 0.0041 0.0075
SP2 0.0015 0 0.003 0 0.0043 0.0006
FPC(SCH 41-1) | 0.0014 0 0.002 0 0.01 0.0021
FPC (SCH 41-2) | 0.0013 0 0.003 0 0.021 0.004
HPBF FPC (11UP-2) 0.0017 0 0.0065 0 0.032 0.006
FPG (SEH-1) 0.0015 0 0.006 0 0.022 0.0078
FPG (SEH-2) 0.0015 0 0.004 0 0.023 0.009
HPDF SIFC 0.0008 0 0.0014 0 0.004 0.0025

Table 1V-4: Post-peak experimental data for longitudinal and transverse strains of confined
concrete (symbols in parenthesis represent the composite parameters) (0.15 Ksi=1 MPa)

id Etco Eler Eer v NTFga TI,
(Erxxnr) (Etxxar) (Ksi)
CON - - 0.005 0.0015 0.3 (0%8?25) 1

LPBF FRM 0.0051 0.0013 0.0057 0.002 - (09.0005886) 1.14
SP3 - - 0.008 0.0017 0.1 (O?£03598) 0.76

FRC 0.007 0.004 0.016 0.012 - (0.06228) 5.88
LPDF WIM - - 0.011 0.015 - (00.65899) 11.56
SP2 - - 0.02 0.011 - ?03555) 6.62

FPC(SCH 41-1) - - 0.01 0.0021 - (83:;3) 2.60

FPC (SCH 41-2) - - 0.021 0.004 - ?020647) 5.24

HPBF FPC (11UP-2) - - 0.025 0.006 - (OO..(?ES) 7.84
FPG (SEH-1) - - 0.022 | 0.0078 - (0%3541) 6.67
FPG (SEH-2) - - 0.023 0.009 - (0%5841) 10.64
HPDF SIFC 0.0054 0.003 0.042 0.016 - (gigg) 13.43
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4.3.1 Low Performance Brittle Failure Composites (LPBF)
CON and SP3 are similar in their performance. The initial modulus of confinement is

typical of concrete at 28000 MPa (4061 ksi). The confinement strains of SP3 and FRM
are higher than CON due to confinement. The strength of SP3 is that of unconfined
concrete at 42 MPa (6.3 ksi). Since there is no first crack of composite for SP3, the
slopes E., at end of confinement and E;., during composite activation are zero.

The strength for FRM is 30 MPa (4.5 ksi) lower than 42 MPa (6.3 ksi) due to partial
confinement where E;., < 0. Strains at peak for FRM and SP3 were at 0.004 compared
to 0.0025 for CON. All lateral confinements had the same toughness index close to one.
Transverse strains for SP3 reached up to 0.0017 at rupture compared to 0.0015 for
CON. Transverse strains for FRM reached 0.002 due to fiber pull out. The transverse
toughness indices of FRM was in the range of 1.2 times that of concrete due to the
presence of fibers, However toughness indices of SP3 was approximately equal to that
of normal concrete. FigureslV-7, IV-8, and 1V-9 represents experimental longitudinal

and transverse stress-strain curves and the Poisson ratio curves for LPBF composites.
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Figure IV-7: Stress strain-longitudinal-LPBF (0.15Ksi=1 MPa)
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4.3.2 Low Performance Ductile Failure Composites (LPDF)

The modulus of elasticity of the confinement remains the same at 26,000 MPa (3900
ksi) same as unconfined concrete since the spirals and wire mesh do not contribute to
the elastic modulus. A slight increase in strength over unconfined concrete is noted for
WIM and SP2 equal to 43 MPa (6.6 ksi). The low values of the moduli of elasticity
E., = E|., = 210MPa (30.5Ksi) indicates that the ultimate stress is close to that of
unconfined concrete. FRC showed a drop in strength of 26 MPa (4 ksi) due to partial
confinement with E;., and Ej., < 0. The rupture strain and stress for the spiral showed
a better improvement than WIM and FRC with values of 0.02 compared to 0.01 and
0.016. The toughness index is double and four times that of WIM and FRC,
respectively.

The transverse strains of WIM is 0.0075 at peak and 0.015 at rupture resulting in a
toughness index of 11.6 compared to that of SP2 and FRC of 6 as shown in TablelV-4.
The high values of the toughness are indicative of possible delamination of the wire
mesh from the concrete core surface. FigureslV-10, IV-11, and 1V-12 represents
experimental longitudinal and transverse stress-strain curves and the Poisson ratio

curves for LPDF composites.
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0.002 to 0.007. For carbon FPC and FPG, a two-peak stress I§ expected since Ej.,
E;., > 0 with values shown in Table IV-1.
Transverse strains at peak and rupture were reached up to 0.009 for PG and 0.006 for
FPC-SCH-11UP and 0.004 for FPC-SCH-41. FigureslV-13, IV-14, and IV-15
represents experimental longitudinal and transverse stress-strain curves any the Poisson

ratio curves for HPBF composites.
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4.3.4 High Performance Ductile Failure Composites (HPDF)
SIFC showed some improvement in strength at 52 MPa (8.1 ksi) compared other fibrous
composite. However, it reached the highest rupture strains due to continuity of fibers
and debonding effects. The confinement strains were low at 0.0014 maintaining
confinement and reached high peak strains at 0.005 due to multiple cracking, which is
not noted in other composites that exhibited only single cracks. For SIFC no expected
drop in stress at the transition point B was noted resulting in moduli E;., = Ej., > 0
with values shown in Table IV-1. The composite was fully effective in confinement
since there was no drop in stress at the transition point. Although the toughness index
is 10 close to FPC-11 UP and similar to glass FPG there was no brittle failure but a
softening response at debonding. Fibers are bridging the cracks thus protecting the

concrete core during the load duration as recommend for blast and impact loads?.
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Transverse strains reached the highest at 0.016 and longitudinal and lateral toughness
indices of 10 and 14 due to continuity of fibers and debonding effects. FigureslV-16,
IV-17, IV-18 represents experimental longitudinal and transverse stress-strain curves

and the Poisson ratio curves for HPDF composites.

60
C
(a
= 50
(7))
@
2 40
n —SIFC
(q0]
c
= 30
=
= 20
o
|

. 10
o}

0

-0.01 0 0.01 0.02 0.03 0.04 0.05

&, Longitudinal Strain

Figure 1\VV-16: Stress strain-Longitudinal -HPDF (0.15Ksi=1 MPa)

60
©
o
S 50
(9]
(7]
@ 40
7y
E 30
e}
-}
£ 20
=) —SIFC
o
- 10
¢}
0
-0.005 0 0.005 0.01 0.015 0.02

& Transverse Strain

Figure IV-17: Stress strain-Transverse -HPDF (0.15Ksi=1 MPa)



60

0.03

0.025

0.02

0.015
SIFC

0.01

0.005

g Longitudinal Strain

-0.005 0 0.005 0.01 0.015 0.02

-0.005 _
& Transverse Strain

Figure IV-18: Longitudinal strain-Transverse -HPDF (0.15Ksi=1 MPa)

4.3.5 Confinement Composites Analysis and Discussion

FRP showed the highest strength compared to other composites. Carbon FPC with 2-
layers showed better performance than glass FPG. Although concrete confined with
FRC and FRM lead to lower strengths due to partial confinement, some ductility and
softening effects beyond peak were noted due to fiber pull-out. Spirals spaced 20 mm
(0.78 in.) and wire mesh showed slight improvement in the confinement of concrete
with the spirals providing better ductility and larger strains at rupture than wire mesh.
However, stresses at rupture for WIM were higher due to vertical tie resistance.
Toughness indices of wire mesh ranged about 2.0 while spirals at 20mm (0.78 in.)
spacing indices were at 4.4. Glass with 1 layer showed the same toughness index as
WIM and SP2 although the strength was higher but brittle failure was expected leading
to the same toughness index.

SIFC showed great improvement in confinement and had a toughness index of 10

compared to the 11UP carbon FPC at 12. The advantage of SIFC is the large
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longitudinal and transverse strains at rupture and the softening effect that are beneficial
for blast and impact loads where resilience is required.

Transverse strains at peak for high performance composites ranged between 0.002 and
0.009 compared to 0.0003 and 0.0006 for low performance composites with wire mesh
as an exception at 0.0075 due to delamination. At rupture, the strains of high
performance composites ranged between 0.002 and 0.009 except for SIFC which
reached 0.016 resulting in the highest toughness index of 13 due to fiber debonding.
This indicates lateral energy absorption requirements necessary for resisting blast
pressures in different directions.

The large strength in FRP’s are compensated for by lower strains at rupture leading to
same toughness as SIFC with lower strengths. SIFC has shortcomings in its application
in the industry due to its difficulty in application. Segmental pouring is necessary as
well as the monitoring of the layout of fibers. On the other hand, fire protection is
necessary for FRP due to its impact on the epoxy resin. Each composite has his
particular use for the required loading and response. FigureslV-17 (a) IV-17(b), IV-
17(c) represents experimental longitudinal and transverse stress-strain curves and the

Poisson ratio curves for different composites for comparison.

V. THEORETICAL RESULTS

5.1 MODEL DEVELOPMENT
General Stress Strain Model for Discrete and Continuous Confinements

Figures IV (a) and 1V (b) show the typical ascending portion of a stress-strain curve
for full and partial confinement respectively. Full confinement is when the peak stress

is higher than the ultimate stress of unconfined concrete while partial confined concrete
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is when the peak stress is lower than the ultimate stress of unconfined concrete (further

discussed in the subsequent text).

The confined model derivation differs depending on the confinement type: Discrete or

Continuous

5.1.1 Discrete Confinement (CON), (SP3), (SP2) and (WIM)

The model for complete (ascending and descending) stress-strain curve of discretely

confined concrete was developed using the Todechini® model defined by Eq. (11-1). Key

steps in the model development are:

1)

2)

3)

4)

Development of stress-strain equations for defining the ascending and descending
response. Derivation of these equations includes the development of the following
parameters: peak stress a;.., and strain &;..,, modified tensile strains of composite
€l 1N the ascending and descending branches of the curve, confinement stress
O1cc0 @nd strain &;..,, modulus of elasticity of confined concrete E,.., and lateral
stress at peak a5, Where the xxx index designates the composite type.
Optimization of spacing for full and partial confinement used to obtain the response
at the transition region.

Development of analytical equations for longitudinal strains as a function of
transverse strains. These equations, needed for defining the transverse stress-strain
relationship, were obtained by the regression analysis of experimental data.

Strains at rupture of the confined concrete. This strain is the key factor for defining

ductility and energy absorption capacity.
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Details of each of these steps are presented as follows:

1. Longitudinal Stress-Strain Curve (Refer to Figures IV (a,b) for ascending
branch of curve)
Stress strain relationships Eq.(V.1; V.5) were obtained through modifying

Todechini® Eq.(11.1; 11.2) by replacing peak stresses and strains of unconfined

concrete with values for confined concrete.

&
2 Olccu (Eli)

O1c = —glcccuz 0 <& < é€ieco Eq.(V.1)
1+ (8—)
lccu
Ol = O¢c + El,cz(glc —  E€leco)  Eieco < Eic < Eiecu Eq.(V.2)
&
zalccu(ﬁ)
Oic = PN Eiccu < E1c < Eper Eq.(V.3)
1+ ()
lccu
Olecu = A10¢c + ll}fkaBlO-Zcu Eq.(V.4)

O2cu (S ikxxxcu) £1

E1ccu = C1&¢ + D1k Eq. (V.5

lecu 1¢c 1%b O-c’c (Eé)pl Q( )
A T(Dc+2txxx)?

Ole = O’C’—“Z = JC’TT“T Eq. (V.6)

o, iIs the compressive stress of confined concrete at start of the activation of the
composite resisted by the concrete core. Yy = 0.95, kg = kp = 1 &yppey IS the
modified peak strain of the composite (further discussed in the subsequent text).
Equation (V.6) is satisfied for 0. < 0/¢ < 01c¢c0, Where o = 0y, for (s = 0) and
Occ = 0¢ Tor (s = sgpe).

Equation (V.2) represents the straight-line stress-strain curve of the composite
activation region. Ej,, is the slope of the stress-strain straight line for the activation
region. To account for the presence of the concrete cover and the compressive
strength of the concrete core at start of composite activation, Eq.(V.4) and Eq.(V.5)

were developed by using ACI FRP model® and replacing o/, with /. Since the FRP
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jacket thickness is insignificant compared to the diameter of the concrete core, the
following approximation was introduced: o/, = o. as noted from equation
Eq.(V.6).

a) Peak Stress g;.., and Strain &,

Factors A, through F; in Eq.(V.4) and Eq.(V.5) were introduced into ACI 4408
equations to obtain generalized equations at peak stress and strain for the
different types of composites.

A, through F; are the factors for the activation region. Constants A; to F; are
determined by equating Eq.(V.4) and Eq.(V.5) to peak stress and strain Eq.(V.7)
and Eq.(V.8), and using G, = 3, determined from the experimental data
replacing the Todechini’s® factor G, = 1.17 for unconfined concrete. Peak
stress and strain Eq.(V.7) and Eq.(V.8) are based on Mander et al.? and

Todechini models®, respectively.

Olecu = Oec + 41050, Eq.(V.7)
Sy
€lccu = E == Eq.(V.8)
lcco

o, replaces o; in Eq.(V.7)for reasons explained previously. Derivation of
factors A, through F; is provided in Appendix XII. Final values are summarized

in Table V.1.
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Table V-1: Factors used for peak stress and strain for confined concrete (0.15 Ksi=1 MPa)

O2cu
a4, | B | ¢, | by | B2 | Fy | 6 | MPa
(Ksi
CON 1 | 432 | 1 |42 o 1|1 (8)
0.137
LPBF FRM 1 | 1000 | 15 | o | o045 | 045 Co0aD)
sP3 1 | 432 | 175 | 756 | 0 1 3 (g)
027
FRC 1 [ 500 | 15 | 0 | 045 | 045 (oo
0.102
LPDF WIM 1 | 432 | 175 | 756 | 0 1 3 | oo
0.037
sP2 1 | 432 | 175 | 756 | o 1 3 | oes)
FPC(SCH41-1) | 1 | 33 | 15 | 12 | 045 | 045 10.25
: : : : (1.54)
12.77
FPC(SCH412) | 1 | 33 | 15 | 12 | 045 | 045 o)
FPC (11UP-2) 1 | 33 | 15 | 12 | 045 | 045 14.33
(2.15)
HPBF =
FPG(SEH-1)}ACI | 1 | 33 | 15 | 12 | 045 | 045 ao)
6.79
FPG (SEH-1) 1 1 | 15 | 12 | 045 | 045 4o
1357
FPG (SEH-2) 1 | 33 | 15 | 12 | 045 | 045 o
238
HPDF SIFC 1 1 | 15 | 75 | 045 | 045 050

b) Modified Tensile Strain of Composite &y,

€l 1S the modified tensile strain of the composite. It is determined by
introducing the strain efficiency factor, defined as the ratio of (a) the
experimental transverse strain of the confined concrete, to (b) the actual tensile
strain of the composite. When a cover exists between the outside perimeter and
lateral confinement (e.g. case of spirals), the strain at the location of spirals is

obtained by multiplying (a) strain measured at the outside perimeter of the

Dc

confined concrete by (b) the ratio ((é)) . In this case, D is the cylinder diameter

2

and D, is the diameter of the concrete core. Two efficiency factors are
considered: p;., during activation of the composite and (.., during the
descending branch of the stress strain curve. Modified tensile strains of the

composite takes into account the actual strain of the composite in the peak and
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post-peak regions. It should be noted that the efficiency factors are limited by
the following equations:

Activation Region

“b)

Elxxx

Hixxx = 1 Uf >1 Eq.(V.9)

A&¢c A&¢c (D)
. 2
Hixxx = if <1 Eq. (V.10)
Elxxx Elxxx
Elxxx = MixxxElxxx Eq.(V.11)

It can be concluded from Eq. (V.11) that the modified strain at peak is

Mixxx Exxxcu Eq.(V.12)

*
Elxxxcu

where &, and €/y,, are the actual and modified general tensile strains of the
composite during the activation region, and &;,yxcu @Nd €/ xrcy are the actual
and modified peak tensile strains of the composite, &, is the transverse strain
of confined concrete.

Equation (V.9-V.12) indicate that the peak strains of confined concrete are
reached when the tensile strains of the composite is less or equal its peak values.
« is an experimental factor equal to 2 for low performance composites and 4 for
high performance composites, that was determined using finite element models.
Such models were not presented in this current study. This factor is used to
related the radial experimental transverse strain to the tangential strain of the
composite

Descending Branch

Similar analogy can also be used for the modified strain of the composite in the

descending branch of the curve by introducing an efficiency factor {j,.,
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D
&
A&te (T
, 2
Qe =1 if —— <1 Eq.(V.13)
Elxxx
D D
2 G2
aé’tc W a&'tc (T
Clxxx = 2 L 2 >1 Eq.(V.14)
Elxxx Elxxx
gl*xxx = Clxxx€lxxx Eq.(V.15)

It can be concluded from Eq.(V.15) that the modified strain at rupture is

Elexxr = StrxxElxxxr Eq.(V.16)
Where €,y aNd €/, are the actual and modified rupture tensile strains of the
composite. Equations (V.13-V.16) indicate that the confined concrete rupture
strain is greater or equal to the rupture strain of the composite. This is due to

failure of the concrete core occurring with or after the composite failure.

c) Confinement Stress g;.., . Strain €;.., and Modulus of Elasticity E; ..,

The confining strain g, is the point at which the slope of the stress-strain
curve equals E;., which is the tangent modulus of the system during
confinement. The tangent modulus E;., is obtained by determining the
derivative of Eq.(V.1) of the stress strain curve at €;..,. The following equations
can be utilized to determine ;.. (see Figures IV (a,b)):

!
doyc __ Otccu — O¢

E@glcco =Ejgp=— Eq.(V.17)

Elecu

O1cco 1S determined by resubstituting &;.., from Eq.(V.17) into Eq.(V.1).
E’';., is the slope of the stress-strain curve during composite-activation defined

from Figures 1V(a,b):
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Eq.(V.18)

EcAc + mexxAmxxx
Eieco = =E Eq.(V.19)
lcco Ac + Amxxx [

The confinement modulus of elasticity represents the equivalent stiffness of the
core concrete and matrix in compression.

_ (De + 2tyy)?  mDE

Amxxx - 4 4 Eq. (V. 20)

where A, is the cross-sectional area of the concrete core, A, IS the cross-
sectional area of the composite.

Equation (V.19) is obtained using the parallel-springs model approach. It is
shown that the confinement modulus of elasticity equals that of unconfined

concrete since (2) tyy, = 0 for wire mesh and (b) E,xxx = E. for spirals

d) Lateral Stress o,

The generalized lateral stress at different points during composite-activation is
obtained from the condition of equilibrium where the tensile force in the
composite equals the lateral confining pressure across the diameter of the

concrete core (i.e., “pressure vessel” formula):

2000 A
0y = —lxzx boxx Eq.(V.21)
cc
For discrete confinements A, = D;Syxx
2o-lxxxAlxxx
0y = ———— Eq.(V.22)
2 Dcsxxx
Olxxx = Elxxx€lxxx Eq. (V.23)

Lateral Stress at peak is obtained from the generalized Eq.(V.22) and (V.23) so

that:
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20 A

Opey = Ixxxcuttlxxx Eq. (V. 2 4)
Dcsxxx

Opxexxccu = ElxxxElexxcu Eq. (V.25)

Where o, depends on the tensile properties of the composites. Specific
tensile properties of matrix, fiber and composite for discrete confinement used
in this research are summarized in Table V.2 and V.3, respectively.

Table V.2 lists the properties of the fibers and matrix obtained from different
references®2% including diameter and length of fibers ¢, Lyxx, thickness of
composite t,,,, average shear stress between fiber and matrix Ty, Slip
coefficient k.., tensile moduli of elasticity of fiber and matrix Efy, Epmxxx
where xxx represent the index designation of the different types of composites
refer to notation list. oy, Omxxy are tensile stresses of fibers and matrix and
Efxxxr Emxxx Are strains of fibers and matrix. Table V.3 lists the longitudinal
composite properties in tension as obtained from the stress and strain equations
above. The parameters include the modulus of composite Ej,,, proportional
limit or first crack stresses and strains opyyxp, Eixxxp, PEAK Stresses and strains

Olxxxcw Elxxxcu, and rupture stresses and strain o,y rs Enxcxxr
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Table V-2: Fiber and matrix properties of lateral confinement (0.15Ksi=1 MPa, 1in.=2.54 cm)

FIBER MATRIX
Lxxx ¢xxx txxx Txxxu kxxx E fxxx g fxxx 3 fxxx E mxxx O mxxx Emxxx
mm mm mm MPa MPa MPa MPa MPa MPa
Gn) | Gn) | n) | Ksi) | (ks) | ks | (ksi) (Ksi) | (Ksi)
CON - - - - - - - - - -
- 50 | 105 585 | 317 | 200000 | 1130 | o | 14480 | 12 | .000083
LPBF w97) | (0.04) ©0.87) | ©47) | (30000) | (170) | © 172) | ©.175)
r 5000 | 500 - -
SP3 (0.157) @50) | (75) 0.1
- 50 | 105 585 | 317 | 200000 | 1130 | ooo- | 30460 | 3198 | 00105
won) | (0.02) ©0.87) | ©a7) | oooo) | 170y | @ 4569) | (4.79)
1 _ _
40000 | 96
LPDF WIM (0.039) R
r 5000 | 500
SP2 (0.157) 750) | (75) 0.1
1 230000 | 3790 380 | 724 0.05
FPC (SCH 41-1) (0.039) @34500) | (569) | %916 | (a77) | (o.86)
2 230000 | 3790 3180 | 724 0.05
FPC (SCH 41-2) (0.078) @34500) | (569) | %9 | (a77) | (o.86)
051 230000 | 3790 3180 | 724 0.05
HPBF |  FPC(11UP-2) (0.02) @34500) | (569) | %9 | (a77) | (o.86)
13 72400 | 3240 3180 | 724 0.05
FPG (SEH-1) (0.05) ao860) | (569) | %% | (a7r7) | (oss)
26 72400 | 3240 3180 | 724 0.05
FPG (SEH-2) ©0.1) 10860) | (569) | %9%° | @r7) | @ose)
- 50 | 105 1130 14480 | 12 | 000083
HPDF SIFC won | ©on 200000 | o | 00057 | T | oli%s)
Table V-3: Composite properties of lateral confinement (0.15 Ksi=1 MPa)
COMPOSITE
E Ixxx alxxxp £ alxxxcu £ lexxr € Ixxxr
MPa | MPa | ““w | Mpa wxew | MPpa
(Ks) | (Ksi) (Ksi) (Ksi)
CON - - - -
" 14280 | 1682 1128 1,086
LPBF FRM oun | ot | 002 | oieen | 00054 | olee | 002
SP3 - - - -
- 30460 | 384 227 217
. FRC o) | orey | 0003 | (oaa0s | 00054 | ogm | 002
WIM - - - -
P2 - - - -
95800 | 958 958 958
FPOSCH ALY | Too0 | oy | 0O o 001 | dam | 001
95800 | 958 958 958
FPC(SCH412) | (laavo) | (tamy | 001 o 001 | qap | 001
105400 | 980 980 980 | 0009
HPBF FPCIUPD) | fopre) | an | 00098 | (rany | 00088 | 3 )
26100 | 574 574 574
FPG SEH-D) | Goro) | ooy | 0022 o) 0022 | o | ooz
26100 | 574 574 574
FPG SEH2) | Goro) | ooy | 0022 o) 0022 | o | ooz
- 13540 | 1.625 131 12,91
HPDF SIFC oon) | oam | 0012 | fos | oo | R | o0

Wire Mesh: For wire mesh, a model is developed to determine the tensile stress

in the composite a0, due to the presence of the vertical ties. The model has

been developed as shown in Figures V-1(a and b) to take into account the effect

of vertical wires that increase resistance and produce additional stresses in the
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transverse (horizontal) fibers. Guided rollers were used to account for

symmetric deformation were slopes are zero.

Deformed
Vertical Tie

SwiMm

& TiwiMcu

Frw I Meu
Vertical leg I \y\
a1, P
£z

ﬂ Zero Reference
| Fwim .-"'2

I Swim

(b)
Figure V-1: (a) Elevation of cylinder with wire mesh (b) Wire mesh model

S &) D
Swim = j( S+ (= = )2 Eq. (V.26)

where sy, 1S the spacing of the lateral ties and s is the deformed spacing, D
is the diameter of the cylinder, &y, 1S the modified peak strain of the
composite, § is the tangential displacement of the wire mesh vertical leg;

maximum displacement (flexible system) at § = 0 and zero displacement (rigid
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system) at§ = W . The final strain of the vertical ties after deformation

Ewimvey 1S Obtained using geometry:

\/(SWIM)Z n (gl*WIMcuD — 52— Swim
2 2

2
EWiMvcu = Swim Eq.(V.27)
2
P D 2
2( lWIIéflcu _ 6)
ngIMvcu = 1 + -1 Eq (V 28)

Swim

The horizontal component of the stress in the vertical ties after deformation is:

( 2
’ D
| Z(EZWIIEIcu — &)

OwiMvcu = 4 2Epwim |1+

\
|

1 $ Cos@ Eq.(V.29)
|

)

Swim

(ngII\Z/IcuD _ 5)

CosO = -
Swim

Eq. (V.30)

Where Ejy y i the tensile modulus of the wire mesh and 6 is the angle the
deformed shape makes with the vertical direction, while oy ppcn 1S the
horizontal component of the tensile stress in the vertical ties after deformation.
Substituting sy, from Eq.(V.26) into Eq.(V.30) and substituting Eq.(V.30)
into Eq.(V.29) as well as considering that the stress in the horizontal ties equals:

Owimhen = EwimEwimeu Eq. (V.31)

The final stress becomes:

( o D > \
J 2(% =) L
ZEIWIM 1 + SWIM - lJ
OwiMcu = OiwiMhcu T > Eq. (V.32)
1+ SwiMm

N D
Z(SIWIlélcu _ 5)
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Z(EZ*WIMcuD — &)

Let § = 2 Eq. (V.33)
Swim

ZEIWIM 1+p2 - 1
owimew = EwimEwimen Eq. (V.34)

1+l

owimen 1S the final tensile stress in the composite after deformation and

resistance by the vertical ties and B is a factor introduced to simplify the
expression.

For a rigid system:

&, D
5=W’%and,@=o Eq.(V.35)

Owimen = EwimEwimeu Eq. (V.36)

For a flexible system:

&n D
§ =0and g = Hw” Eq.(V.37)
Swim
&
{zElW,M 1+ Clady }
Owimen = EwimEwimen + Eq. (V.38)
2
s
1 +[ Swim ]
\/ EwimeuD

2. Optimization of Spacing (Transition Region)
The optimized spacing is the limiting spacing of the composite above which the

system becomes ineffective. As shown in Figure IV (a), for values between zero
and the optimized value, the point B starts dropping down towards the point B’.
For every spacing value, there is a different point location of B. Once the spacing
is equal or larger than the optimum value (i.e., the system becomes ineffective), the
point B matches the point B’ at the stress of a.)

Olcco = O-c’c Eq- (V- 39)
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Where gy, is the confining stress associated with strain ;.. at end of confinement

a) Full Confinement

For the case of discrete confinement with a wire mesh: t,., =0 and
O1cco = Oec = 0, . FOr the case of discrete confinement with spirals, t,., is the
cover and at optimization ay.., = g/ > d;

Using equations (V.1) and (V.39) and assuming the optimized spacing, the
value of a;.., becomes
Zalccu(%)

Olcco = O-c’c Eq. (V-40)

- 1+ (SZCCO)Z

Eleccu

Since at optimized spacing the slopes E;., and E,., match at &;.., as shown in

Figure 1V .a.
dO'l ,
d_c@glcco = Eic2 = Eiep Eq.(V.41)
€lc
Olccu — O-c’c
Ejgp =77 Eq. (V. 42)
ez (Elccu - glcco)
Gqo
€lccu = 1Elccu Eq.(V.43)
c

Substituting &, from Eq.(V.43) into Eq.(V.40) and solving for oy, as a
function of ¢, leads to

ErccoE
= lcco ¢ Eq. (V. 44)

0
feeu G 2Ec‘c:lcco -1
W Giolc

Equations (V.44) and (V.41) provide two conditions necessary to solve two

unknowns  ycq,, and &,c¢,. Finally s,,, is obtained in two steps: (a) gyccy 1S

substituted in equations (V.4) or (V.7) to determine oy, Which is then (b)
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substituted in equation (V.24) to obtain the optimized confinement spacing,

Sopt-

In summary for full confinement, (See Figure 1Va):

S = Sopt - there is no shift between B and B” and both points coincide with
one peak stress ;. and g;.., = .. and

!
Olccu — Occ

_ Eq. (V.45
(Slccu - glcco) a ( )

— ! —
Elcz - Elcz -

s < Sopt - there is a shift between points B and B’ leading to two peaks oy,

and ojc¢y
The stress at point B’ is a/.. The stress at point B is a;.., with two moduli

’
_ Olccu—0c¢

of elasticity E;., = — and E|., =
lccu

!
Olccu—0cc

(€1ccu—¢icco)

Values for s,,,, and the different stresses at confinement are tabulated in Table

V-4,
Table V-4: Optimized thickness and spacing and related parameters (0.15Ksi=1 MPa,
1in.=2.54 cm)
toPt S opt txxx Sxxx 0':: a::c Oicco Oiccu
mm mm mm Mm MPa MPa MPa MPa
i) | Gny | Gn) | Gn) | sy | (Ksi) | (Ksi) | (Ksi)
2 2 2 2
CON ©3 | 63 | 63 | 63
25 42 30 30 30
LPBF FRM (0.98) ©3) | @5 | @5 | @5
3 0 ] ] 30 42 42 42 42
0) (1.18) (6.3) (6.3) (6.4) (6.4)
e 25 ] m 22 33 30
(0.98) ©3) | 63 | 495) | @5
22 42 | 424 | 424
LPDF WIM ©3) | 63 | 63 | 63)
SP2 20 42 42 42,2 422
©078) | 63 | 63 | 64 | ©64
27 T m 23 8 74
FPCSCHALY) | o7y | - | 0oa) | - 63 | 645 | 72 | ary
56 2 42 44 49 82
FPC(SCHA1-2) | ooy | = | (008) | 63 | ©66) | 7.35) | (123)
3.29 102 a2 43 46 73
mper | FPCQIUPD) gy | - | ooy | - 63) | 645 | (6.9 | (1095)
435 13 7 3 47 63
FPG (SEH-I)ACH | 17y | - | (0.05) - ©3) | (6.45) | (7.05) | (9.45)
13 13 42 43 43 48
FPG (SHE-D) | 005y | = | (005) |~ ©63) | (645 | 645) | (7.2)
4.97 26 42 45 48 73
FPG(SEH-2) | 019y | - | (o) - 63 | 675 | 72 | q09s)
7 25 2 53 53 56
HPDF SIFC ©28) | ~ | (09) | ©3) | 795) | 795) | (84)




76

b) Partial Confinement

In the case of the partial confinement as shown in Figure 1V,b, optimized
spacing is obtained using the same equations as for the full confinement. The
only difference between the two being (1) E;., and E;., are both negative and

(2) stresses are less than that of unconfined concrete o.

3. Longitudinal Stress and Transverse Strains
A regression analysis of experimental data was used to obtain the longitudinal versus

transverse strain values, resulting in the following equations (see corresponding Figure

IV-3(a)):
£l = © 0 < &te < Etcco Confinement Eq. (V.46)
€1c = Az&te + By Ereco < Ete < & First crack/multiple cracking Eq. (V.47)
€1c = Co&ic + Dy Etecu < e < €00 Fiber debonding/pull-out Eq. (V.48)
€ = Exere + Fy €00 < €:c < &er  Concrete core failure Eq. (V.49)
(Elccu - Elcco)
A, = lew “lecol Eq. (V.50)
2 (etccu - etcco)
B, = (elccu - glcco)gtcco e Eq (V 51)
2 (Etccu - gtcco) feco
(glco - Elccu)
C, = <o “leaws Eq. (V.52)
2 (etco - gtccu)
(Slco - glccu)
D, = — —_—t Eqg. (V.53
2 Etccu (Etco _ gtccu) Elccu q ( )
&€ — &
E, = Crer ~ Eico) Eq. (V.54)

(Etcr - Etco)
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(Slcr B glco)
F, ===+ Eq. (V.55
2 €tco (gtcr _ gtco) €lco q ( )

Where all parameters are as defined in the list of notations. Obtained values of A, to F,
are summarized in Table V.5. The transverse stress-strain model is obtained by (a)
substituting the values of the longitudinal strains, obtained from the regression
equations (V.46) to (V.49) for different values of transverse strains, into (b) the stress

strain model equations (V.1) to (V.3).

Table V-5: Parameters for regression lines for longitudinal strain versus transverse strain

A, B, C, D, E, F, R?
0.957 (Eq. 63)

CON 0 0 0 0 3.6 0

1 (Eqg.63)
LPBF FRM 0 0 0.84 0.0037 0.84 | 0.017 | 0.998 (Eq. 64)
0.91 (Eg.65)
1 (Eqg.63)
0.88 (Eg. 64)
1 (Eq.63)
0.11 (Eq. 64)
0.63 (Eq. 65)
0.75 (Eq. 66)
1 (Eqg.63)
WIM 0.28 0.002 0 0 0.8 | -0.0016 | 0.82 (Eq.64)
0.75 (Eg. 65)
1 (Eq. 63)
SP2 252 0.0032 0 0 1.48 | 0.0036 | 0.96 (Eq. 64)
0.76 (Eq. 65)
1 (Eq.63)
0.97 (Eq. 64)
1 (Eq.63)
0.99 (Eq. 64)
1 (Eg.63)
0.96 (Eq. 64)
1 (Eqg.63)
0.96 (Eq. 64)
1 (Eq. 63)
0.97 (Eq. 64)
1 (Eq. 63)
0.95 (Eqg. 64)
1 (Eq. 63)
0.74 (Eq. 64)
0.12 (Eg. 65)
0.95 (Eg. 66)

SP3 0 0 0 0 0.6 0.004

FRC 4.28 0.0015 15 0.0025 0.22 | 0.0063

LPDF

FPC(SCH 41-1) 3.98 0.002 0 0 0 0

FPC (SCH 41-2) 4.26 0.003 0 0 0 0

HPBE FPC (11UP-2) 43 | 0007 | 0 0 0 0

FPG (SEH-1)-ACI | 16 | 0006 | 0 0 0 0

FPG (SEH-1) 1.6 0.006 0 0 0 0

FPG (SEH-2) 2.16 0.002 0 0 0 0

HPDF SIFC 2.6 0.0014 0.6 0.00345 | 0.96 | 0.0028

4. Energy Approach to determine &;.,.°
&¢r 1S Obtained from Eq.(V.19), where Ug; = 0 given that there is no longitudinal steel

present.

Ust = U — Ugp Eq.(V.56)
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Ugo = Ac [ 010derc + A,(0.003 — &) Eq. (V.57)

Uce = (Ac + Amurry [, 01cdey Eq. (V.58)

Use = PoAe(fy ™ s + 1777 Ot i) Eq. (V59)

Where p; = % is the volumetric ratio of the composite equal to the volume of
7 Sxxx

the composite divided by the volume of the concrete within the concrete core. gy, IS
the tensile stress of the composite, &/, iS the modified tensile strain of the composite,
0.003 is the rupture strain of unconfined concrete, A,z =0 for wire mesh
confinements and equal to Eq.(V.20) for spirals, €, is the rupture of confined concrete.
Elvxcw AN €15 are the modified tensile strains of composite at peak and rupture. All
other variables are as defined in the notation list. The confined concrete rupture strain
&1¢r 15 Obtained next using Eq.(V.57) and solving for g, This strain is an indocator of

the energy absorption and ductility capacity of the system.

5.1.2 Continuous Confinement (FRM), (FRC), (FPC), (FPG) and (SIFC)

The stress-strain curve model for continuous confinement is derived from the ACI 4408
model Eq.(11.5) to (11.8), which define the ascending branch of the curve, i.e. the
confinement region and the activation regions. The descending branch of the curve is
based on the H. Saadatmanesh et. al'® model. The following steps in the model
development cover the same parameters as for the case of the discrete confinements
stated previously. Furthermore, for the SIFC confinements, an additional step is
introduced in which multiple cracking mechanism is quantified by determining the

number of multiple-cracks.
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1. Longitudinal Stress-Strain Curve (Refer to Figures IV (a, b) for ascending
branch of curve)
The following definition of the ascending branch is applicable to (FRM), (FRC),

(FPC), (FPG) and (SIFC) composites:

(Ercco — Erca)ely
Oic = Elccoglc - =2 4o < . 0< Elc < E€lcco Eq- (V- 60)
c

O1c = Occ + Eicz(E1c = €1cco)  E1cco < €1c < Eiccu Eq.(V.61)
It should be noted that contrary to other composites, FPC and FPG exhibit a brittle
failure as soon as the peak stress is reached. Therefore, FPC and FPG do not have
a descending branch.

For all other composites (FRM, FRC and SIFC) the descending branch is defined

as.
€ic
Olccul ——
_ lccu Elccu . _
Oic = Eic Eiccu < Eic < Eger q-( ' )
r—1+ ()"
€lccu
Elcco
r= P (Uzccu Eq.(V.63)
lcco <
lecu
where parameters are as previously defined.
A T[(DC + thxx)z
ro_ 19 — ! 4
Opc = O, A o, D7 Eq.(V.64)
4

Equation (V.64) is satisfied for o; < 0/ < 0y¢co, Where oz = ¢, fOr (t = tope)

and o/, = a/ for (t = 0).

a) Peak Stress g;.., and Strain &,
The peak stress and strain are similar to the ACI 4408 equations with modified
peak constant factors similar to equations (V.4) and (V.5).

Olecu = A10¢c + lpfkaBlo-Zcu Eq. (V.65)
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O—ZC‘LL (gl*xxxcu)El
gec (€)M

ll)f = 095, ka = kb =1

Elccu = Clgé + D1k,

Eq. (V. 66)

Values of A, to F; are summarized in Table V.1

Modified Tensile Strain of Composite &;....

The modified strain of the composite &/,,, during the activation region and

failure of the composite are determined through efficiency factors similar to the

D¢

discrete confinement. Equations (V.9) to (V.16) apply except that the factor ((E))
2

is not present in the equation since the lateral confinements is applied along the

D¢

outside perimeter of the cylinder (i.e. no cover exists) and the factor ,ﬁ) equals

2

1.

Confinement Stress g;..., Strain &;.., and Modulus of Elasticity E;..,

€1cco Can be found by equating the derivative of equation (V.60) to E;.,, refer to

Figure IVa.

doy. _ _ Olccu — Uc,

d @Elcco - Ech - Eq' (V' 67)
€lc €lccu

From Eq.(V.67) €., equals

2% Eq. (V. 68)

glCCO - (Etcco—Eic2)
O1cc0 1S Obtained by back substituting .., from Eq.(V.68) into the Eq.(V.60).

The slope during activation of the composite is E';,

Olccu — O
E'yer = e e Eq. (V.69)
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According to Eq(V.64), g, = a, depending on the thickness of the composite
layer. All parameters are as defined previously.
The confinement modulus of elasticity equals:

ECAC + mexxAmxxx
Eicco = >E Eq. (V.70)
lcco Ac + Amxxx c

All parameters are as defined previously.

Lateral Stress o,

General lateral stress at different points on the curve during activation of
composite is based on equilibrium of the tensile force in the composite and

lateral force within the concrete core.

_ 201xxArxxx

= Eq (V.71
) Ao q( )

Since for continuous confinements Ay = txxxSxxx AN Az = D Syxx

20 xxt
g, = —xx Eq.(V.72)
D,
Peak lateral stress is obtained from the equation (V.72) above
20 t
oo = lxx;cu XXX Eq. (V. 73)
c

In order to determine g, aNd G1xxcu, the tensile stress strain equations for
the composites are required®?3® (summarized in Appendix I1), at the location of
the plastic centroid within the thickness of the composite.

The plastic centroid, r,; from the center of the cylinder, is the location of the
resultant force of the tensile stress distribution of the composite across its
thickness as shown in Figure X111.1 (a) in Appendix IV. The location r,,; from
the center changes with the state of the tensile stress of the composite across the

composite thickness.
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Deye
2 Thxxx
f 0 ralxxxAlxxx dr

Tpr = D, . Eq.(V.74)
foz o GlxxxAlxxxdr
Opexx = f (Elxxx) Eq.(V.75)
N r
€ixxx = MixxxXE¢c “D. Eq.(V.76)
(5 + toe)

Where &, IS the modified tensile strain in the composite at location r from
the center of the cylinder and a;,,, iS the generalized tensile stress of the
composite which is a function of &}, based on the tensile stress strain
relationship of the composite. 0y, iS also a function of r as noted from
equation (V.76). &, is the transverse strain of the confined concrete at the
outside circumference of the cylinder. p;,.., IS the efficiency factor of the
activation region. All other variables are as defined previously. Refer to
Appendix IV for further derivation

In the case of partial confinement for FRM and FRC composites with varying
fiber orientation, there is a radial transverse force due to the existing fibers in
the transverse direction that reduces the lateral forces within the concrete core.
The general lateral stress from equilibrium as shown in Figure XIII (b) in
Appendix IV is defined as

O = 2o-lxxx Cxxx Zatxxxrpl
5 = —
D, D,

Eq. (V.77)

The above equations can be generalized for the state at peak with a lateral stress

O2cu-

20 t 20 T
oo = lxx;cu XXX txxDxcu pl Eq. (V. 78)
c c
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where o;..xci. TEPresents the transverse tensile stress of the composite at the
plastic centroid in the radial direction. All other parameters are as defined

previously. Refer to Appendix IV for derivation.

2. Optimization of thickness

The case of optimized thickness is shown in Figure 1Va. In general, as the thickness
of the composite jacket increases from zero to the optimized value, the point B’ in
Figure IVa moves upwards towards the point B. However, as the thickness goes
beyond the optimal value the point B’ remains at the point B, with the stress value
being:

Olcco = Ogc = O Eq.(V.79)

a) Full Confinement

The value of gy, is obtained from equations (V.67) and (V.68) and is

substituted in equation (V.79)

o _ O-c,(Elcco + Elcz) .
] = =
cce (Elcco - Elcz) «

Eq. (V. 80)

The value of the optimal thickness t,,,, is finally determined by substituting the
value of g/, from equation (V.64) into equation (V.80).
In summary:

® tyxx < tope- YOU get afirst peak oy, and second peak o;.cy,

o _ O-c{(Elcco + Elcz)
1 =
cee (Elcco - Elcz)

Eq.(V.81)

Olccy — O
Eic, = Gieen — 02) Eq. (V.82)

Elccu

(Glcco - Gc’c)
Ej, =2 < Eq. (V. 83)
e (Slccu - glcco)

® tyxx > tope- ONE peak only oy, exists and gy, = o from Eq.(V.79)
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_ ac’(Elcco + Elcz)

Olcco = Opc = Eq. (V.84)
feco « (Elcco - Elcz)
and since the slopes Ej., and E,.,, based on Figure 3a, match
Olccu — Oc
Eje; = Eiep = (teen — %) Eq. (V. 85)

Elecu

Values for t,,, and the corresponding confinement stresses are summarized in TableV-

1.

b) Partial Confinement:

In this case as the modulus of elasticity is negative as shown in Figure 1V(b),
and therefore as the thickness increases and the point B’ approaches the point
B, stress o/, continuously decreases until it reaches o;.., at the optimal
thickness. A similar but inverse analogy as used for the full confinement can be
used here. The slopes E;., and E|., are both negative and the peak stresses are

smaller than o/.

3. Longitudinal and Transverse Strains

A regression analysis was performed on the longitudinal versus transverse strains
leading to similar equations as equations (V.46), (V.47), (V.48), and (V.49) of
discrete composites as defined FigurelV-3(a). Values for A, to F, are summarized
in Table (V.2). The transverse stress-strain model is obtained similar to discrete

confinements.

4. Energy Approach to determine ¢;,.,.X°

Same energy approach as for discrete composites is applicable. Refer to Eq. (V.56)

. . . t D . .
to (V.78) with a volumetric ratio of p; = ==22¢ for continuous confinement.
c
= Sxxx

All parameters are as defined in the notation list.
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5. Multiple Cracking in SIFC

In SIFC and from experimental evidence, optimized thickness was reached and
E';., = E;., based on Eq.(V.85). The activation region consists of a series of
straight lines representing the multiple cracking mechanism as shown in FigureV-
2.

The number of cracks can be determined as follows:

For First Crack n=1

I
Olccu1l — Oc¢
Ejo1 = Elcco < €1c < Ereccut Eq. (V- 86)
€leccul

For Cracks n=2 to n=N

(n - 1)‘glccul - (Tl - 2)£lcco < & < N€ecu1 — (Tl - 1)51000 Eq- (V- 87)
The multiple crack is

Zalccul - 2O-lcco

N&ccu1 — (n - 1)Slcco

Ejoon = Eq.(V.88)

As stated previously, all straight lines in the activation region are approximated by
a single line with a slope E.;; which is the average slope. Based on the equations
for peak stress, strain and average slope during multiple cracking, the following

equations are presented

Olecu = MO — (M — 1) Eq.(V.89)

Eiccu = NEceur — (M — Do Eq. (V.90)
F - 207ccu1 — 201cc0 Olccu1 — 0-(,{

By = etequr = (1 = :l)glcw Elccut Eq.(V.91)

where g;..,1 and &;..,,1 are the stress and strain of confined concrete at first crack
of composite, oy, and ;. are the peak stress and strain of confined concrete at

end of multiple cracking of composite, E;.,; and E;.,,, are the inelastic moduli for
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first crack and n crack of composite, £,.., 0icco are the confinement strain and
stress of confined concrete, o/ is the strength of confined concrete at start of
activation of composite. The number of cracks can be obtained by solving three
Eq.(V.89), (V.90), and (V.91) in three unknowns o;.cy1, €ccur @nd the number of

the cracks n.

Confinement | ‘ Multiple Cracking
|

First Crack |second cyac{ Third Crack Fourth Crack _@ crack

e

Nojeen _T(N =1 diceo

401001 =3 Oleeo| | _}_)—-——"'
301ccut — 2 Olecp fm-m-m-m : :::__,_
261ccu1 — Oleco === -— E —r
== T T Ei23 lc24 Eicon
Tlecul - - E
_ - 1e22
Gleco [ 7 Eicq
S TR - A
cc - ’ S R
L i

[

! Nejeeut — (N = 1)&gee0
EIcca:

4g -3¢
Elcco 281ccu1 — Elcco fecul leco £¢

Elccul 3 Elccul — 2 Eleco

Figure V-2: Multiple cracking model in SIFC

5.2 THEORETICAL RESULTS AND DISCUSSION

Tables V.6, V.7, V.8, and V.9 summarize theoretical pre-peak and post peak stress
strain parameters. In the ascending branch, efficiency factors were close to 1 indicating
that confined concrete peak stresses were reached when the composite reached its peak
stress. In the descending branch, the efficiency factors were larger than 1, indicating
that the composite protected the concrete core and it failed after rupture of the
composite. WIM composites showed a large value for the efficiency factor in the
descending branch-(rupture regions) due to delamination issues between the wire mesh

and the concrete surface.
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Peak stresses with strain factors, and lateral stresses at peak are listed in Table V.7. It
is noted that for FRC and FRM jackets the lateral stress is negative due to partial
confinement resulting in lower peak stresses than unconfined concrete. FRP values
follow the ACI 4408 equations, except that for FPG -1 layer, revised factors have been
recommended to predict more accurately the experimental results.

For the case of the full confinement with discrete composites, confinement is
continuous and hence, the concept of the optimized spacing is irrelevant. It is noted that
points B and B’ coincide as shown in Figure V-3a, and are slightly higher than
unconfined concrete strength.

For (SP3), the E;., = 0 since the peak stress is equal to that of unconfined concrete and
E,., does not exist since the strains at peak and at confinement are equal. For (SP2) and
(WIM), the slopes E;., = Ej., = 101 MPa (1.64 ksi). As for FRM, points B and B’
converge no slope E., exists. In FRC the confinement and peak strains are different
and E;., # Ej., < 0, represented in TableV.6. As for High performance continuous
composites, such as FPC and FPG, optimal thicknesses were not attained resulting in a
drop in stress at the transition point and not maximizing the energy absorption of the
composite while for SIFC composites; optimal thickness was attained resulting in a
maximized energy capacity of the confinement.

Regression constants are presented in Table V.5. These values were obtained using the
experimental data. The variation R? show values close to 1 indicating good correlation

between experimental and theoretical regression lines.



Olcco

v,
D 4-
Dot
(Not Beyond B) B (moves)
o .
B (fixed) I 5=0
topt * ********************* S < Sope
Sopt
i B (moves) © (fixed) (g, spa
: | IS S=5
‘ B’ (moves) B’ (fixed) (wim) ot
5> 80t
(Not Beyond B’)
¢ Elcco Elccu €le

(@)

0y,

c

Olcco ™

88

Olccu

§>Sopt
(Not Beyond B')
ALY
E'yez <0 B’ B’ (fixed) S = Sopt
D\ (moves) )
— §= Sopt
(fixed) (spy, sp3)
A S< Sﬂpt
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, .
~ opt )
S o \ B (fixed) B (moves)S = 0
> top
(Not Beyond B)
0 €lcco Elecu €lc

Figure V-3: (a) Ascending portion of the stress-strain curve for full confinement (b)
Ascending portion of the stress-strain curve for partial confinement

Table V-6 Pre-peak theoretical data for longitudinal stress and strain of confined concrete
(0.15 Ksi=1 MPa)

Ejcco Oicp Ec, Ei; Oicco
MPa MPa Eiep MPa MPa MPa Cr
Ks) | (Ksi) (Ksi) (Ksi) | (Ksi)
CON (340211680) (35?'76) 00013 | 0 0 g) 0.0024
LPBF FRM ey | e | 0oua | G2 NA | 50 | oooa
sP3 (340ff80) ?g% 00013 | 0 NA éz) 0.0041
o [ h o | | 2 [k owe
o [ [ o8 [ oo | | oy || o
Sp2 ?ﬁfg) ig% 0.0015 (112%54) (1118(%4) ?62.586% 0.0041
FPC(SCH 41-1) (342;6760) ‘zg:gf 0.0014 (23330: 23) (2471885) 4(5;')5 0.0028
FPC (SCH 41-2) (342;6760) ‘g% 00013 (2481% 5530885) ?7?'57) 0.0029
nper | FPC(L1UP-2) (34?6743) (?.3?2) 0.0017 (12527853 (1276655) ?66:'7‘; 0.00281
g | b | e o | 18 | 8 |8 omo
FPG (SEH-1) (340??9160) 4(5566)5 00015 (57142) (57142) (46%.343 0.0028
FPG (SEH-2) (340339160) 4(5626)5 00015 (1298176) (2300597) @9 | 00028
HPDF SIFC oty | o | 00008 | G oy | gy | 0oou
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Table V-7: Post-peak theoretical data for longitudinal stress and strain of confined concrete
(symbols in parenthesis represent the relative composite parameters) (0.15 Ksi=1 MPa)

Olccu
(alxxxp: ) €lccu (:lm €lco Oicr Tl
alxxxcu) (elxxxp. Ml;;gxr (E lxxxr) M Pa Eler M Pa TI l
MPa slxxxcu) (KSi) (KS|) (KS|)
(Ksi)
42 324 0.18
CON s 0.0024 - - S | 0o0s | o |1
30.45 276 265 0.149
LPBF FRM | 000 | %0 | ooost | 250 | ooost | 000 | oe
sP3 ?62) 000414 | - - (253;2) 0008 | 019 | 1.06
30.67 2% 192 0.26
FRC oo | 00028 | 2| 0007 | 5B | oots | G20 | 144
42.42 28 0.36
LPDE WIM (G1n | 00041 | - - o | oo | ong 2
42.9 17.2 0.57
SP2 ©62) 0.00418 - - 2.5) 0.02 (0.08) 32
74.26 54 | o2
FPO(SCHALY | o | 0014 - - o1y | 0005 | S| 12
FPC (SCH 41-2) (ﬁ) 0.014 - - (ffg) 0.014 (8:% 46
735 766 125
FPC (11UP-2 0.02 . . 0.022 7
HPBF (WUP-2) | (108 (11) (0.18)
FPG (SEH-1)-ACI (g_‘;) 0.013 - - (1%?0) 0.015 (%'_%59) 361
48.65 51 0.54
FPG (SEH-1) o5 | oo aes | 008 | Sog | 12
84 86 146
FPG (SEH-2) o | 00z . . 25 | 0022 | g5 | 84
557 556 6.4 123
HPDF SIFC oo | ooost | 0 | ooosa | 2| ooz | 73| e

Table V-8: Pre-peak theoretical data for longitudinal and transverse strain of confined
concrete (symbols in parenthesis represent the relative composite parameters

Eicp Etcp Elcco Etcco Elccu Etccu
(Erexnp Erexxen) | (Evxxap Etxvxxcn)
CON 0.0013 | 000036 | 00024 | 0.00064 0.0024 0.00064
LPBF FRM 0.0014 | 0.00033 | 0.0031 | 0.00033 0.003 0.00033
SP3 0.0013 0 0.0041 0 0.0041 0
FRC 0.001 0 0.0025 | 0.00024 0.00298 0.00035
LPDF WIM 0.001 0 0.00412 | 0.007 0.00416 0.007
SP2 0.0015 0 0.0041 | 0.00036 0.00418 0.00039
FPC(SCH 41-1) | 0.0014 0 0.0028 | 0.0002 0.014 0.003
FPC (SCH 41-2) | 0.0013 0 0.0029 0 0.014 0.0025
HPBE | FPC(11UP-2) | 0.0017 0 0.0028 0 0.02 0.003
FPG (SEH-1)-ACI | 0.0015 0 0.0029 0 0.013 0.0045
FPG (SEH-1) | 0.0015 0 0.0028 0 0.013 0.0045
FPG (SEH-2) | 0.0015 0 0.0029 | 0.00043 0.022 0.0093
HPDF SIFC 0.0008 0 0.0041 | 0.0011 0.0051 0.0028
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Table V-9: Post-peak theoretical data for longitudinal and transverse strain of confined
concrete (symbols in parenthesis represent the relative composite parameters) (0.15 Ksi=1

MPa)
€1co Etco T,
) | Eoeerr) Eper Eger Hixe | Sixx |V ?PA(FS)S TI,
CON - - | o005 | 00014 | - - | 028 (gjgg% 1
LPBF FRM 00051 | 00016 | 0.006 | 00024 | 1 | 47 | - (0%005855) 113
sP3 - - | o008 | 00075 | o0 1 (8:3}12) 6.38
FRC 0007 | 00032 | 0016 | 0046 | 1 | 131 | - (0%3585) 7.75
LPDF WIM - - |ooww| oo | 1 | 30 | - (0650895) 12
SP2 - - 002 | 0013 | 0007 | 1 . (095"6) 8.15
0.035*
FPC(SCH 41-1) - - | 0005 | 0.0008 | 0803 | 1 ooy | 072
FPC (SCH 41-2) - - 0014 | 00025 | 1 | 1.69 (%gg) 3375
pee | FPC(1UP2) - - |o002 | o003 | 1 | 167 - (%ég) 44
FPG (SEH-1)-ACI - - 0015 | 00045 | 1 | 267 | - (0%2358) 5.1
FPG (SEH-1) - - 0018 | 00058 | 1 | 267 (%ﬁ) 5.61
FPG (SEH-2) - - 0023 | 00098 | 1 | 177 (%éf) 132
HPDF SIFC 00054 | 0013 | 0042 | 0042 | 04 | 99 (é:iég) 2.8
VI. COMPARISON OF EXPERIMENTAL AND ANALYTICAL

DATA

Comparison between experimental and analytical results is shown in Figures VI-1 to

VI.5. For low performance (low strength) brittle and ductile composites, good

correlation has been noted for pre-peak results. The exception are FRM and FRC which

exhibit discrepancy in the post peak region due to the effect of fiber pull out, which was

not accounted for in the analytical models. Poisson curves show a higher ratio for FRM

and SP3 than for typical concrete which is indicative of a stable system triggered

through the activation of the spirals and fibers (steel has higher Poisson’s ratio than

concrete). Tables V.9 also show discrepancy in the rupture transverse strain for SP3,

in which case analytical and experimental values are 0.0075 and 0.001, respectively.
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For High performance (high strength) brittle failure composites, good
correlation existed except for FPG—1 case where the ACI 4408 equations underestimates
the experimental values. Furthermore, the energy approach underestimates the rupture
strains for most of the FRP cases resulting in (a) lower transverse rupture strains (b)
some reduction in the longitudinal and transverse toughness indices. Hence, the energy
approach does not adequately predict the post peak failure response of FRP’s.

In Tables V.9, for FPC-1 layer, the theoretical rupture stress of 54 MPa was
calculated from the rupture strain obtained from the energy equation. The value was
below the experimental stress of 70 MPa for similar reasons stated above.

Although the analytical and experimental stress strain curves for High
performance (high strength) ductile composites correlate well, as shown in Appendix
V, some discrepancies were noted:

1. The experimental confinement strain of 0.0014 was much lower than the
analytically obtained value of 0.004.
2. The experimental transverse rupture strain of 0.016 also differed from the analytical

value of 0.042, which led to a higher transverse toughness index of 24.8.
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VIlI. CONCLUSION AND RECOMMENDATION

The objective of the research presented in this paper was to investigate, understand
and model (stress-strain curves) the effect of confining columns using continuous
jackets made of non-traditional composites such as FRC, FRM, and SIFC; and
compare their behavior to existing SP and FRP confinement commonly used in the
industry . In addition to considering continuous composite jackets, a case of discrete
confinement using wire mesh (WIM) and spirals was also included. The reason for
testing WIM confinement was to preliminary understand the effect of varying fiber
orientation as well as their interaction (WIM being the “bounding” case with “fibers”
being oriented only in the vertical and the horizontal direction). WIM will undergo
further investigation (future work)
Comprehensive understanding of the confining effects jackets made of various
composite materials have on the concrete strengths is necessary for the field use of
these materials in increasing column resistance to various extreme loadings
including blast and impact (theoretical standpoint).
Composites are classified based on their:

1) Performance Criteria- as high strength (FPC, FPG, SIFC) or low strength (FRC,

FRM, SP2, SP3, WIM)

2) Failure Criteria-as brittle failure (FPC, FPG, SP3, FRM) or ductile failure (SP2,
WIM, FRC, SIFC)

3) Continuity- as continuous (FPC, FPG, SIFC, FRC, FRM) or discrete (SP2, SP3,
WIM).

4) Confining Effectiveness- as partial confined (FRC, FRM) where strengths are lower
than that of unconfined concrete or full confined (FPC, FPG, SP2, SP3, WIM,

SIFC) where strengths are higher or equal to that of unconfined concrete



100

Thus, the stress strain response of confined concrete depends on spacing of discrete
confinements, and thickness of continuous confinements. Values smaller than the
optimal value (the value that renders further increase in confinement ineffective)
show the first peak stress, o;.., , prior to activation of confinement and a second
peak stress, ;.. , at the ultimate load thus not fully utilizing the energy absorption
capacity of the composite. Values larger than the optimized value show one peak
stress at ultimate a;.., thus maximizing the energy absorption of the composite.
Peak and confinement stresses for full confinement are larger than unconfined

concrete strength.

The following can be concluded from the experimental/theoretical investigation herein:

SP3 and FRM behave similar to unconfined concrete. Cracks are initiated at the
outside perimeter and are propagated to the concrete core without any lateral
composite resistance. Strengths are maintained at 42 MPa (6.3 ksi) equal to that of
concrete. Peak strains and confinement strains are very close indicative of no
activation of the composite. Rupture strains are between 0.005 and 0.008 similar to
regular concrete. Such retrofits are not recommended for improvement of resistance

or energy absorption demands. They are not recommended for confinement.

FRC, SP2 and WIM provide an improvement in energy absorption due to fiber
pullout and yielding of steel but not necessarily in strength especially for FRC’s
where strength is lower than pure concrete due to partial confinement. The
activation of the lateral confinement provides higher strains at peak and rupture thus

improving energy absorption with toughness indices of 2 times for WIM and 4 times
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for SP2 of unconfined concrete respectively. WIM reinforcement was tested to
better understand contribution of fibers placed at two angles to the jacketed column.
WIM confinement consists of connected horizontal and vertical wires. Developed
model shows that stiffness of vertical wires affects the effectives of confinement
provided by the horizontal wires. Consequently, more flexible vertical wires lead
to an increase in the tensile force in the horizontal wires, thus increasing the
confining effects on the concrete core. Inversely, the higher the stiffness of the
vertical wires the lower the confining effects. Thus, the stress levels were larger due
to the additional resistance of the vertical ties. However, problems with
delamination of the wire mesh resulted in much larger stress and strain results at
rupture than expected. Such composites: FRC, and WIM can be suited for flexure
strength (Longitudinal toughness index) at low loads, dilatation strength (transverse
toughness index) at moderate loads, and not suited for axial compression strength
(require further investigation for future research)

The observed behavior of FRM and FRC could potentially be attributed to random
distribution of fibers, resulting in less effective confinement because not all fibers
are oriented in the horizontal (confining) direction, with the least effective fibers
being those oriented close to the vertical direction. As expected, this leads to lower
confinement effect and lower peak stresses. Due to random distribution and
discontinuity, fibers will de-bond and pull-out at lower loads, providing lower level

of ductility.

FRP’s (FPC and FPG) show great improvement in strength of up to 84 MPa (12.6
ksi) and can reach high rupture strains with toughness indices at 12. It can be

concluded that early confinement strains are close to 0.004 rendering the concrete
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core vulnerable. Due to the high tensile strength of the composite, the first crack of
the FRP’s (no multiple cracking) produce larger rupture strains at 0.032 but brittle
failures are expected due to the vulnerability and lack of debonding of the
composite with no softening effects after peak. These retrofits are suited for axial
compression strength under large loads, flexural strength under low load but
dilatation strength under moderate load. Thus, these retrofits could be more
applicable to conventional loads rather than blast or impact loads that require
softening behaviors at larger strains. FRP’s provide ease of application but require

fireproofing.

Fibers in SIFC jackets are perfectly aligned in the transverse direction thus
exhibiting multiple cracking with a total number of cracks n=4. Therefore, the use
of SIFC jackets enhances confinement and more effectively protects the concrete
core. SIFC composites have achieved better ductility compared to FRC, SP2 and
FRP’s. The strength reached 53 MPa (7.95 ksi) which is higher than that of FRC
and SP2 but less than that of FRP. High strength retrofit options of structural
elements is not necessarily the only solution to resist large load. Resisting large
loads can be alternatively mitigated by introducing other redundant structural
elements in the overall structure that will resist part of the load. The advantage of
SIFC is the larger percentage of aligned fibers leading to a stiffer modulus in the
range of 32000 MPa (4800 ksi). The larger percentage of fibers in the transverse
direction maintain lower strains at early confinement protecting the concrete core
thus produces larger strains at peak due to multiple cracking in lieu of single cracks
as in other composites. Continuity of fibers led to higher debonding energies and
higher rupture strains at 0.042 and 0.016 in the longitudinal and transverse direction

respectively. The toughness indices of 10 were similar to FRP’s in the longitudinal
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direction and 13 in the transverse direction which are higher than FRP’s. This
composite is suited for flexural, and dilatation strength under large loads, and axial
compression (ultimate strength) under moderate loads. It is theoretically
recommended (requires further investigation) for close range blast loads due to
multiple cracking and softening effects beyond peak allowing the system to absorb
the large deformations. Fibrous confinements also provide protection against
cratering and breaching for close stand-offs. Shortcomings of SIFC is the
application of the lateral confinement in the field related to fiber placement and
follow up pouring. This requires segmental pouring and quality control of fiber

installation.

Transverse strains in all composites are insignificant during confinement prior to
activation of the composites. For low performance composites peak strains are in
the range between 0.0003 and 0.0006 except for the wire mesh due to delamination.
For high performance composites, strains at peak were in the range between 0.002
and 0.009. At rupture, SIFC developed the largest strains at 0.016 due to continuity
and debonding of the fibers resulting in the highest transverse toughness index

which is essential for blast and impact energy absorption.

Based on the efficiency factors, fibrous (FRC, FRM, SIFC) and FRP composites
were effective in confining the concrete by fully utilizing the tensile stress strain
response of the composite at peak and rupture. At rupture, fibers exhibited pull out
for FRC and FRM, debonding for SIFC and rupture for FRP. The efficiency factor
during the activation region for SP2 and SP3 were low, indicative that the composite

did not reach its full capacity by yielding. However, wire mesh (WIM) composites
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yielded during the activation region but the efficiency factor at rupture was high
due to delamination of the wire mesh. The rupture stresses in WIM were higher due

to the additional resistance of the vertical ties.

Presented models show good correlation with the experimental data. However, it
should be noted that the energy approach does not account for energy due to
debonding and/or pull-out of fibers. Therefore, for fibrous composites, the energy
approach shows discrepancy between analytical and experimental data. For SP3,
the theoretical transverse strains compared to experimental at rupture are 0.0075 to
0.001 leading to a toughness index of 6.3 compared to 1.53. For FPC (SCH-41-1
layer), the transverse strains at rupture are 0.0021 compared to 0.0008 leading to a
toughness index of 2.60 compared to 0.72. For High performance brittle failure,
good correlation existed except for FRG —1 layer where the ACI 4408 equations

showed over conservative results compared to experimental.

In brief, each retrofit technique has its particular advantage in resisting given load
(static or blast/impact). FRC and WIM is suited for flexure strength (Longitudinal
toughness index) at low loads, dilatation strength (transverse toughness index) at
moderate loads, and not suited for axial compression strength. While, FRM
jacketing are not recommended for improvement of strength or energy absorption
demands. They are not recommended for confinement. As for SIFC confinement, it
is suited for flexural, and dilatation strength under large loads, and axial
compression (ultimate strength) under moderate loads. However, FRP suited for
axial compression strength under large loads, flexural strength under low load but

dilatation strength under moderate load
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From a theoretical standpoint, the response behavior of SIFC jacketing in terms of
its ductility, softening post peak behavior and multiple cracking could lead to some
potential advantages with respect to the retrofitting of concrete columns against
large blast loads™2. The retrofitted structural elements are expected to sustain large
strains in both directions which might result in less exhibited damage. At the same
time, the presence of high percentage of fibers will prevent the column from

breaching and cratering at close stand-off threats.

Thus, Research herein provides alternative solutions using steel fiber composite,
other than conventional confinements (FRP tube, Steel, and Concrete Jacketing),
for laterally retrofitting existing columns (has construction joints cause weakness

in retrofit)



106

VIIIl. LIST OF NOTATIONS

xxX is the index designation of the composite type as shown in the list of notations

A Specimen cross-sectional area

A, Area of effectively confined concrete core
Ay Gross area of concrete

Ag; Area of the composite strap

Ace Effective area enclosed by the composite

Afxxx  Fiber area fraction

Apmxe Matrix area fraction

Apyxx Area of composite normal to the lateral force

b Specimen width

D, Diameter of the concrete core (i.e. central portion of the column effectively

confined by the composite)

Qrxxx ~ Diameter of the fiber

Doxx Diameter of the lateral device

Elur Longitudinal Strain at rupture of unconfined concrete,

Elu Longitudinal strain of unconfined concrete

&, Compressive strain at ultimate stress for pure concrete

¢ Longitudinal compressive strain for confined concrete

Eleco Longitudinal compressive confinement strain for confined concrete
Eiep Longitudinal compressive proportional strain for confined concrete

Elccu Longitudinal compressive ultimate (peak) strain for confined concrete



€lco

Eler

gtCCO

Etep
gtccu

€tco

Eter
Elxxx

€ lxxxp
Emxxxp
Ef XXXD

Elxxxcu

Elxxxr
g fxxx
Emxxx

E fxxx
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Longitudinal compressive strain at first crack of concrete concrete core of
confined concrete. (Longitudinal strain at end of fiber debonding or pull-out
of composite)

Longitudinal compressive strain at rupture of confined concrete
Transverse compressive confinement strain for confined concrete
Transverse compressive strain for confined concrete

Transverse compressive proportional strain for confined concrete
Transverse ultimate (peak) compressive strain for confined concrete
Transverse compressive strain at first crack of concrete concrete core of
confined concrete. (Transverse strain at end of fiber debonding or pull-out
of composite)

Transverse compressive strain at rupture of confined concrete

Longitudinal tensile strain for composite

Longitudinal tensile proportional strain (first crack) of composite
Longitudinal tensile proportional strain (first crack) of the matrix
Longitudinal tensile proportional strain of the fiber

Longitudinal tensile ultimate (peak) strain (end of multiple cracking) for
composite

Longitudinal tensile strain at rupture for composite

Longitudinal tensile strain for fiber

Longitudinal tensile strain for matrix

Longitudinal tensile modulus of elasticity for fiber

Epexxt/Emxxex  Tensile moduli of elasticity of the matrix,

E.

Elcco

Modulus of elasticity of unconfined concrete

Longitudinal compressive modulus of elasticity for confined concrete
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Eic» In-elastic longitudinal compressive modulus of elasticity for confined
concrete
El., In-elastic longitudinal compressive modulus of elasticity for confined

concrete during activation of composite

Elyxx Longitudinal tensile modulus of elasticity for composite
Koxx Slip coefficient of the composite

Lyxx Length of the steel fibers

h Specimen thickness

k, and k; are coefficient factors equal to 1 for circular sections
[ Critical length of the fiber
Loxxx Fiber length where bond stress is ,,

Lexxx Actual length of the fiber

L Specimen length

I* Reference length

n number of layers of FRP

n'o Orientation factor (cracked range)

No Orientation factor in the elastic range.

n Length-efficiency factor

P Axial load

Pecec Ratio of area of longitudinal reinforcement to gross area of concrete
Ps Volumetric ratio of confining strap to concrete core

r Ratio of fiber cross-sectional area to perimeter

SFRP Width of FRP strap.
Uce Ultimate strain energy per unit volume of confined concrete

Uco Unconfined concrete



O
Ocxxx
O-f xxx ¥
Omuxxx
Ocaxxx
O1SIFCpl
Oit

Utxxxcu

O-f XXX
Uf XXXU

O-mxxx

O1c
Olcco
Ulcp

Olccu
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Energy required to maintain yield in longitudinal steel in compression
Ultimate strain energy per unit volume of composite strap
Fiber volume fraction
Matrix volume fraction
Crack width
Longitudinal tensile stress of unconfined concrete
Longitudinal tensile stress of the composite
Fiber stress at the crack in idealized composite
Longitudinal tensile stress for Matrix Stress
Longitudinal Average tensile stress of the composite
Post-peak plateau stress in compression
Tensile Stress at inflection point
Transverse tensile ultimate (peak) (end of multiple cracking) stress for
composite
Longitudinal tensile stress for fiber = Efyyy&rxxx
Longitudinal Ultimate fiber fracture tensile stress
Longitudinal tensile stress for matrix= E,,yxxEmxxx
Compressive strength for pure concrete
Compressive strength of confined concrete at activation of composite
Longitudinal compressive stress for confined concrete
Longitudinal compressive confinement stress for confined concrete
Longitudinal compressive proportional stress for confined concrete

Longitudinal compressive ultimate (peak) stress for confined concrete



Olco

Olcr
Olxxx

O-lxxxp

Olxxxcu

Olxxxr

%
O2cu

Sxxx

point

TI,

point

TI,
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Longitudinal compressive stress at first crack of concrete concrete core of
confined concrete. (Longitudinal tensile stress at tensile strain at end of
multiple cracking of composite)

Longitudinal compressive stress at rupture of confined concrete
Longitudinal tensile stress for composite

Longitudinal tensile proportional stress (first crack) for composite =

ElxexxEixxxp

Longitudinal tensile ultimate (peak) (end of multiple cracking) stress for
composite

Longitudinal tensile stress at rupture for composite

Lateral stress within the concrete core

Lateral stress at peak within the concrete core

Pitch of the lateral confinement,

Longitudinal Toughness equal to area under stress strain curve up to rupture

Longitudinal Toughness index equal to ratio of toughness to toughness of

pure concrete

Transverse toughness equal to area under stress strain curve up to rupture

Transverse Toughness index equal to ratio of toughness-to-toughness of

pure concrete

txxx

T(x)

Txxxu

é

Thickness of lateral device
Bond stress at section
Ultimate shear stress between fiber and matrix

Tensile crack displacement
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Ot Crack displacement at inflection point
Yy Reduction Factor =0.95.
iz Strain efficiency factor during activation region = :t& = ;i
lxxxcu lxxx
Cloxx Strain efficiency factor during rupture of the composite = :ﬁ = :i
Ixxxr Ixxx
a Experimental factor = 4 for high performance composites and = 2 for low

performance composites
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RESULTS:

1. LPBF TESTED SAMPLES — TABULATED/GRAPHICAL EXPERIMENTAL RESULTS:

Table X-1: Pre peak experimental data for longitudinal stress and strain of LPBF confined
concrete specimens (0.15Ksi=1 MPa)

Elcc.o Ol.cp €lep ez ; Eico . Ilcco : €lcco

Mpa(Ksi) Mpa(Ksi) MPa(Ksi) Mpa (Ksi) MPa(Ksi)
CON-SP1 (23%677) 16(2.3) 0.006 0 0 3(‘;)4 0.0012
CON-SP2* (247061962) 36(52) | 00013 0 0 (g_zl) 0.003
CON-SP3 (340305010) 18(2.6) 0.0006 0 0 (;‘%) 0.0024
CON-SP4 (1139%3‘,3 2029) | 00015 0 0 4(%')6 0.004
CON-SP5 (12970506(; 19(2.7) 0.001 0 0 (462.;3 0.0035
CON-SP6 (23210908 22(3.2) 0.001 0 0 (35?;53) 0.003
CON-SP7 (1138%050) 13(L.9) 0.001 0 0 (24?'2?3 0.001
FRM-SP1* 532482587) 3245 | 00014 ('_232256‘; NA ( 4321) 0.004
L | FRM-sP2 (1297%060) 1927) | 0001 ('_358508 NA (231) 0.005
§ FRM-SP3 (1272)606(; 17(2.5) 0.001 (:iggg) NA (e?fo,) 0.002
FRM-SP4 (12510706(; 15(2.2) 0.001 ('_112% NA (32;) 0.01
FRM-SP5 (11(1?5000) 127) | 0.0012 ('_5862627) NA (32%) 0.003
FRM-SP6 (?(1)28) 16(2.3) 0.002 (:Igg) NA (g_%) 0.02
SP3-SP1 (11285103(; 25(3.6) 0.002 0 0 (53_1) 0.003
SP3-SP2* (23560206(; (gi) 0.0014 0 0 (g?ig) 0.004
SP3-SP3 (2209%010) 20(2.9) 0.001 0 0 (43%) 0.002
SP3-SP4 (1128%470) 2232) | 00017 0 0 (43_‘:)) 0.0044
SP3-SP5 (2209%08 2029) | 0001 0 0 (2_51) 0.002
SP3-SP6 (113933343) 20(2.9) 0.0015 0 0 (Si) 0.002
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Table X-2: Post peak experimental data for longitudinal stress and strain of LPBF confined
concrete specimens (0.15 Ksi=1 MPa)

T e | | e oo T
ccu €ler
MPa(Ksi) | Epxxcy)] MPaCKs) | (Eixxxr) | MPa(ksi) Mpa (Ksi)
CON-SP1 ey 0.0125 6o | %% | oo '
CON-SP2* (gzl) 0.0025 (53_51) 0.005 (8'.(1;3) !
CON-SP3 o) 0.0024 an 0005 | (5010 .
CON-SP4 o 0.004 as | 0% | g :
CON-sP5 | 0.0035 69 | % | ooy | ?
CON-SP6 s 0.003 ao | 995 | oo !
CON-SP7 e 0.001 a8 0005 | ooz '
FRM-SPL* | 0004 | 4y | 0005 s | " | oo -
L | FRMsP2 | 2 o005 | | ooo7 @ 008 | ooy | 2
% FRM-SP3 65 0.002 @ 0.006 29 2 | ooy -
FRM-SP4 2 0.01 LS an | %% | oo 29
FRM-SP5 oo oo | 2| ooou en | % | oy .
FRM-SP6 | 2 002 | o | o0m ey | 0% | oy | u
SP3-SP1 A 0.003 @9 0007 | oog) 4
SP3-SP2* | 4% 0.004 6n | %% | gom | 13
SP3-SP3 o) 0.002 63) 0008 | (o Lo
SP3-SP4 (j‘;) 0.0044 (ﬁ) 0.01 (8:?)?1) 19
SP3-SP5 (;51) 0.002 (22_%) 0.007 (8:(1);) L
SP3-SP6 on 0.002 9 0004 | ooy | 08
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Table X-3: Pre-peak experimental data for longitudinal and transverse strains of LPBF

confined concrete specimens (symbols in parenthesis represent the composite

LPBF

parameters)(0.15 Ksi=1 MPa)

€lccu €tccu
Slcp gtcp glCCO Eteco (Slxxxp' (Etxxxp
Elexxcw) ’ gtxxxcu)
CON-SP1 0.006 0 0.0012 0 0.0125 0
CON-SP2* 0.0013 0.00039 0.003 0.00075 0.0025 0.00075
CON-SP3 0.0006 0 0.0024 0.0001 0.0024 0.0001
CON-SP4 0.0015 0 0.004 0 0.004 0
CON-SP5 0.001 0 0.0035 0 0.0035 0
CON-SP6 0.001 0 0.003 0.00038 0.003 0.00038
CON-SP7 0.001 0 0.001 0 0.001 0
FRM-SP1* 0.0014 0 0.004 0.00032 0.004 0.00032
FRM-SP2 0.001 0 0.005 0.003 0.005 0.003
FRM-SP3 0.001 0 0.002 0.00022 0.002 0.00022
FRM-SP4 0.001 0 0.01 0.0056 0.01 0.0056
FRM-SP5 0.0012 0 0.003 0.0009 0.003 0.009
FRM-SP6 0.002 0 0.02 0.00028 0.02 0.00028
SP3-SP1 0.002 0 0.003 0.0001 0.003 0.0001
SP3-Sp2* 0.0014 0.000067 0.004 0.00023 0.004 0.00067
SP3-SP3 0.001 0.0001 0.002 0.0023 0.002 0.0023
SP3-SP4 0.0017 0 0.0044 0.0001 0.0044 0.0001
SP3-SP5 0.001 0.000063 0.002 0.000057 0.002 0.000057
SP3-SP6 0.0015 0 0.002 0.00075 0.002 0.00075
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Table X-4: Post-peak experimental data for longitudingl and transverse strains of LPBF
confined concrete specimens (symbols in parenthgsis represent the composite

€lco €tco Eer| e v T; -
(Erexxr) (gtxxxr) Mpa(Ksi)
CON-SP1 - 0.015[ 0.004 | 068 0.12 (0.017) 1
CON-Sp2* 0005 | 00015 | 03 | 0051(0.00765) 1
CON-SP3 0005 | 0012 | 204 0.27 (0.04) 1
CON-SP4 0005 | 00011 | 095 | 0.042(0.0061) 1
CON-SP5 0gos | 00008 | 059 | 0.033(0.005) 1
CON-SP6 ojoos | 0004 | 145 0.13(0.02) 1
CON-SP7 - 1.005 0.0025 | 0.88 0.07 (0.01) 1
FRM-SP1* 0.0051 0.0013 [_0057 0.002 0.058 (0.0086) 114
L FRM-SP2 0.007 00058 | [0.008 | 0.007 0.16 (0.023) 3
E FRM-SP3 0.006 0.008 [ 0.007 | 0.0087 0.18 (0.026) 3.6
= FRM-SP4 0.013 0.0075 0.015 | 0.0097 0.22 (0.03) 4.4
FRM-SP5 0.0041 0.008 0005 | 0.0127 0.32 (0.05) 6.35
FRM-SP6 0.038 0.0062 [| 0.064 | 0011 - 0.27 (0.04) 55
SP3-SP1 || 0007 | 00009 | 0.2 0.05 (0.007) 0.98
SP3-Sp2* - | | ooos | 0001 | 01 | 003900058 | 076
SP3-SP3 - [ 0.008 0.002 0.2 0.065 (0.009) 1.27
SP3-SP4 - [ 0.01 0.0024 | 0.23 0.072 (0.01) 1.4
SP3-SP5 -/ 0007 | 0005 | 07 0.1 (0.014) 3
SP3-SP6 [ 0.004 | 0.0003 | 0.08 0.02 (0.003) 0.39
CONC GRAPHICA! PRESENTATION-ALL SPECIMENS
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2. LPDF TESTED SAMPLES — TABULATED/GRAPHICAL EXPERIMENTAL RESULTS

Table X-5: Pre peak experimental data for longitudinal stress and strain of LPDF confined

concrete specimens (0.15Ksi=1 MPa)

Eicco Ticp Elep Eic; Ejc; Olcco -
Mpa(Ksi) Mpa(Ksi) MPa(Ksi) Mpa (Ksi) MPa(Ksi)

e S e o o
o | oo | o o | o | o | o | o
FRC-SP3 (23560206(; (;52) 0.0006 ('_3596183) (-6307000) (,j‘é) 0.0008
FRC-SP4* (23330306(; (32.3:;) 0.001 (-;57?58) (_-12630208 (3%.‘&1;) 0.002
FREERE (234522826) (21-75) 0.0007 (-4621237) (-46550207% (j.%s) 0.002
FRC-SP6 (2322576?; (21_52) 0.00055 ('_5862502) ('_46323835?; (248..25) 0.002
FRC-SP7 (12877250(; (;52) 0.0008 (:ﬁ;g) ('_12%03000) (3?2) 0.0008
WIM-SP1 (23%0206% (32_56) 0.001 ('_127554(; ('_127554(; ( f.?a) 0.003

L | WIM-SP2 o) o 0.001 ) ) o 00018
% | wiM-sP3 (1&0500(; (22_%) 0.002 if‘SOEg if‘sogo) (53.1) 0.008
WIM-SP4* ) o 0.001 i i P 0.002
WIM-SP5 (125107060) ( ia) 0.002 (ff_ﬁs) (ff_ﬁs) (g_%) 0.003
SP2-SP1 (1625 & 0.002 P Pt o 0.002
SP2-Sp2* (23‘267687) (2.1) 0.0015 (igf) (igf) (g.?é) 0.003
SP2-SP3 (12525209(; (j’é) 0.002 (2311‘; (2311‘; (gj) 0.012
SP2-SP4 (121106060) ( i‘é) 0.002 (:fgg) (:fgg) (53.31) 0.003
SP2-SP5 ) 9 0.0008 o o oo 0.001
SP2-SP6 (000 o9 0.001 o) o) @) 0.006
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Table X-6: Post peak experimental data for longitudinal stress and strain of LPBF confined
concrete specimens (0.15 Ksi=1MPa)

Olccu

Olxxxp Flecu (glco ) €lco Olcr Eler T, TI,
» Olxxxcu (glxxxp: b
MPa(Ksi) Elxxxcu) MPa(Ksi) (Erxar) MPa(Ksi) Mpa (Ksi)

FRC-SP1 32 (4.64) 0.0036 21(3.1) 0.007 13(1.9) 0.015 0.28 (0.041) 2.07
FRC-SP2 26.6 (3.86) 0.0033 23(3.3) 0.0034 8(1.2) 0.005 0.09 (0.013) 0.67
FRC-SP3 33(4.8) 0.0023 22 (3.2) 0.007 13(1.9) 0.013 0.29 (0.042) 2.14
FRC-SP4* 26 (3.8) 0.003 25 (3.6) 0.007 16.5 (2.4) 0.016 0.22 (0.03) 1.6
FRC-SP5 33 (4.8) 0.0022 26 (3.8) 0.0025 20 (3) 0.0032 0.07 (0.01) 0.51
FRC-SP6 29 (4.2) 0.0023 22 (3.2) 0.007 15 (2.2) 0.008 0.18 (0.026) 1.34
FRC-SP7 28 (4.1) 0.0018 21(3.1) 0.007 15 (2.2) 0.015 0.32 (0.046) 2.37
WIM-SP1 35(5.1) 0.004 23(3.3) 0.01 0.28 (0.041) 2.1
LDL WIM-SP2 425 (6.2) 0.0025 24 (3.5) 0.012 0.36 (0.05) 2.67
ﬁ WIM-SP3 38 (5.5) 0.01 25 (3.6) 0.022 0.88 (0.13) 6.52

WIM-SP4* 44 (6.4) 0.0041 30 (5.2) 0.011 0.26 (0.04) 2
WIM-SP5 43 (6.24) 0.0035 20 (3) 0.008 0.22 (0.032) 1.63
SP2-SP1 39 (5.7) 0.024 30 (5.2) 0.03 0.76 (0.11) 5.6
SP2-Sp2* 45 (6.5) 0.0043 20 (2.9) 0.02 0.59 (0.09) 44
SP2-SP3 45 (6.5) 0.014 31(4.5) 0.03 1.1 (0.16) 8.15
SP2-SP4 38 (5.5) 0.0046 29 (4.2) 0.006 0.17 (0.025) 1.26
SP2-SP5 45 (6.5) 0.002 27 (3.9) 0.012 0.44 (0.064) 3.26
SP2-SP6 35 (5.1) 0.007 30 (5.2) 0.015 0.45 (0.065 3.33
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Table X-7: Pre-peak experimental data for longitudinal and transverse strains of LPDF
confined concrete specimens (symbols in parenthesis represent the composite
parameters)(0.15 Ksi=1MPa)

Slccu gtccu
€1ep Eep Eleco Etcco (glxxxp' (Stxxxp
Elxxxcu) ’ gtxxxcu)
FRC-SP1 0.001 0 0.0032 0 0.0036 0.005
FRC-SP2 0.0006 0 0.0026 0 0.0033 0.017
FRC-SP3 0.0006 0 0.0008 0 0.0023 0.022
FRC-SP4* 0.001 0 0.002 0 0.003 0.00045
FRC-SP5 0.0007 0 0.002 0.0005 0.0022 0.0027
FRC-SP6 0.00055 0 0.002 0.00004 0.0023 0.0013
FRC-SP7 0.0008 0 0.0008 0 0.0018 0.0068
WIM-SP1 0.001 0.00001 0.003 0.00084 0.004 0.0035
% WIM-SP2 0.001 0 0.0018 0.0003 0.0025 0.0032
o, WIM-SP3 0.002 0 0.008 0.00048 0.01 0.0026
WIM-SP4* 0.001 0 0.002 0 0.0041 0.0075
WIM-SP5 0.002 0.00003 0.003 0.00003 0.0035 0.011
SP2-SP1 0.002 0.00068 0.002 0.00068 0.024 0.00103
SP2-SP2* 0.0015 0 0.003 0 0.0043 0.0006
SP2-SP3 0.002 0.0002 0.012 0.0002 0.014 0.0006
SP2-SP4 0.002 0.00046 0.003 0.0011 0.0046 0.002
SP2-SP5 0.0008 0.0004 0.001 0.0005 0.002 0.011
SP2-SP6 0.001 0.00039 0.006 0.00042 0.007 0.0028
Table X-8: Post-peak experimental data for longitudinal and transverse strains of LPDF
confined concrete specimens(symbols in parenthesis represent the composite
parameters)(0.15 Ksi=1 MPa)
Elco Etco Elcr Eter v Te Tl
(Erxxxr) (Stxxxr) Mpa(Ksi)
FRC-SP1 0.007 0.022 0.015 0.026 - 0.7 (0.1) 13.9
FRC-SP2 0.0034 0.0175 0.005 0.024 - 0.55 (0.08) 10.8
FRC-SP3 0.007 0.027 0.013 0.027 - 0.6 (0.09) 11.8
FRC-SP4* 0.007 0.004 0.016 0.012 - 0.33 (0.0368) 6.47
FRC-SP5 0.0025 0.011 0.0032 0.017 - 0.54 (0.078) 10.7
FRC-SP6 0.007 0.01 0.008 0.0135 - 0.36 (0.05) 7.05
FRC-SP7 0.007 0.01 0.015 0.017 - 0.4 (0.058) 7.8
WIM-SP1 - - 0.01 0.0074 - 0.26 (0.038) 5.1
LDL WIM-SP2 - - 0.012 0.022 - 0.88 (0.13) 17.2
- WIM-SP3 - - 0.022 0018 - 0.61 (0.09) 119
WIM-SP4* - - 0.011 0.016 - 0.59 (0.089) 11.56
WIM-SP5 - - 0.008 0.026 - 0.95 (0.14) 18.6
SP2-SP1 - - 0.03 0.008 - 0.26 (0.04) 5.1
SP2-SpP2* - - 0.02 0.011 - 0.335 (0.05) 6.62
SP2-SP3 - - 0.03 0.0051 - 0.19 (0.027) 4
SP2-SP4 - - 0.006 0.018 - 0.56 (0.08) 11.2
SP2-SP5 - - 0.012 0.029 - 1.3 (0.19) 25.5
SP2-SP6 - - 0.015 0.025 - 0.81 (0.12) 15.9
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FRC GRAPHICAL PRESENTATION-ALL SPECIMENS
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Figure X-11: Stress versus Tran§verse strain — 7FRC
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Figure X-12: Longitydinal versus Transverse strain — 7FRC
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SP2 GRAPHICAL PRESENTATION-ALL SPECIMENS
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Figure X-16: Stress versus Longitudinal strain — 6SP2
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Figure X-18: Longitudinal versus Transverse strain — 6SP2

3. HPBF TESTED SAMPLES — TABULATED/GRAPHICAL EXPERIMENTAL RESULTS

Table X-9: Pre peak experimental data for longitudinal stress and strain of HPBF confined
concrete specimens (0.15 Ksi=1 MPa)

Eicco Otep Eicp Ec- Ejc; Olcco Elcco
Mpa (Ksi) Mpa (Ksi) MPa (Ksi) Mpa (Ksi) MPa(Ksi)
FPC(SCH 41-1)-S1* 28572 (4144) | 40 (5.8) 0.0014 2800 (406) | 3500 (508) | 46 (6.7) 0.002
FPC(SCH 41-1)-S2 22500 (3263) | 36 (5.2) 0.0016 1429 (207) | 2222(322) | 46(6.7) 0.005
FPC (SCH 41-2)-S1 32000 (4641) | 32 (4.6) 0.001 3333 (484) | 4651 (675) | 58(8.4) 0.0034
FPC (SCH 41-2)-S2* | 27693 (4016) | 36(5.2) 0.0013 2000 (290) | 2333(338) 48 (7) 0.003
L FPC (11UP-2)-S1 22000 (3191) | 44 (6.4) 0.002 947 (137) | 1162 (168) 56 (8) 0.007
E FPC (11UP-2)-S2* 26471(3839) | 45(6.5) 0.0017 1440 (209) | 2000 (290) 56 (8) 0.007
T FPG (SEH-1)-S1* 24667 (3839) | 37(5.4) 0.0015 136 (20) 187 (27) 42 (6.1) 0.006
FPG (SEH-1)-S2 5000 (725) 35(5.1) 0.007 167 (24) 250 (36) 42 (6.1) 0.01
FPG (SEH-1)-S3 15600 (2263) | 28 (4.1) 0.0018 412 (60) 467 (68) 30 (4.4) 0.002
FPG (SEH-2)-S1* 24667 (3839) | 37 (5.4) 0.0015 1652 (240) | 2000 (290) 48 (7) 0.004
FPG (SEH-2)-S2 20000 (2901) | 40 (5.8) 0.002 1000 (145) | 1186 (172) | 50 (7.25) 0.005
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Table X-10: Post peak experimental data for longitudinal stress and strain of HPBF confined

concrete specimens (0.15 Ksi=1 MPa)

Olccu Elccu Oico
(OLxxxp (ELvxxp: (Oiexxr) | €10 Oler Eler T, Tl
, 0 lxxx_cu Elxxxcu) ' (Slxxxr) _ _
MPa (Ksi) MPa(Ksi) MPa(Ksi) MPa(Ksi)
FPC(SCH41-1)-S1* 70 (10) 0.01 70 (10) 001 | 053(0.08) 4
FPC(SCH41-1)-S2 62 (9) 0.014 62 (9) 0.014 | 0.61(0.09) 45
FPC(SCH41-2)-S1 82 (12) 0.012 82 (12) 0012 | 0.73(0.1) 5.4
FPC(SCH41-2)-S2* 84 (12) 0.021 84 (12) 0.021 1.35(0.19) 10
w FPC (11UP-2)-S1 78 (11.3) 0.038 78(11.3) | 0038 | 2.4(0.35) 18
; FPC (11UP-2)-S2* 78 (11) 0.025 78 (11) 0.025 1.7(0.25) 12.6
FPG (SEH-1)-S1* 45 (6.5) 0.022 45 (6.5) 0.022 0.4(0.058) 3
FPG (SEH-1)-S2 47 (6.8) 0.03 47 (6.8) 0.03 1.15(0.17) 85
FPG (SEH-1)-S3 49 (7.1) 0.017 49 (7.1) 0.017 | 0.64(0.09) 47
FPG (SEH-2)-S1* 80 (11.6) 0.023 80 (11.6) 0.023 1.35(0.19) 10
FPG (SEH-2)-S2 74 (10.7) 0.032 74 (10.7) 0.032 1.8(0.26) 13
Table X-11: Pre-peak experimental data for longitudinal and transverse strains of HPBF
confined concrete specimens(symbols in parenthesis represent the composite
parameters)(0.15 Ki=1MPa)
€lccu Etccu
€iep Etep €lcco Etcco ( Elxxxps ( Etxxxp
Slxxxcu) ’ etxxxcu)
FPC(SCH 41-1)-S1* | 00014 0 0.002 0 0.01 0.0021
FPC(SCH 41-1)-S2 0.0016 0 0.005 0 0.014 0.004
FPC (SCH 41-2)-S1 0.001 0 0.0035 0 0.012 0.0028
FPC (SCH 41-2)-S2* | 00013 0 0.003 0 0.021 0.004
mn FPC (11UP-2)-S1 0.002 0 0.007 0 0.038 0.0067
E FPC (11UP-2)-S2* 0.0017 0 0.0065 0 0.032 0.006
L FPG (SEH-1)-S1* 0.0015 0 0.006 0 0.022 0.0078
FPG (SEH-1)-S2 0.007 0 0.01 0 0.03 0.01
FPG (SEH-1)-S3 0.0018 0 0.002 0 0.017 0.0091
FPG (SEH-2)-S1* 0.0015 0 0.004 0 0.023 0.009
FPG (SEH-2)-S2 0.002 0 0.005 0 0.032 0.0091
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Table X-12: Post-peak experimental data for longitudinal and transverse strains of HPBF
confined concrete specimens (Symbols in parenthesis represent the composite parameters)

(0.15 Ksi=1MPa)

€lco €tco Eler Eter T; TI,
Mpa(Ksi)

FPC(SCH41-1)-S1* 0.01 0.0021 0.133(0.019) 2.60
FPC(SCH41-1)-S2 0.014 0.004 0.22(0.032) 43

FPC (SCH41-2)-S1 0.012 0.0028 0.2(0.03) 4

FPC (SCH41-2)-S2* 0.021 0.004 0.267(0.04) 5.24

w FPC (11UP-2)-S1 0.038 0.0067 0.46(0.07) 8.9
@ | FPC (11UP-2)-S2* 0025 | 0.006 0.4(0.06) 784
T FPG (SEH-1)-S1* 0022 | 00078 0.34(0.051) 6.67
FPG (SEH-1)-S2 0.03 0.01 0.43(0.06) 8.3

FPG (SEH-1)-S3 0.017 0.0091 0.34(0.049) 6.7
FPG (SEH-2)-S1* 0.023 0.009 0.54(0.081) 10.64

FPG (SEH-2)-S2 0.032 0.0091 0.56(0.08) 10.9

FPC GRAPHICAL PRESENTATION-ALL SPECIMENS
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Figure X-19: Stress versus Longitudinal strain — 6FPC
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FPG GRAPHICAL PRESENTATION-ALL SPECIMENS

0.08
007 et
0.06 7 T
— 005 .
& I | W
2 004 | /,-" / ,7 ===
8 :‘ ,I' N
» 003 s
a . = ==-FPG-SEH-1L.S1
0.02 / . — - FPG-SEH-1L.S2
4/ — - FPG-SEH-1L.S3
0.01 J FPG-SEH-2L.S1
N I R, o FPG-SEH-2L.S2
-0.01 0 0.01 0.02 0.03 0.04
Longitudinal Strain
Figure X-22: Stress versus Longitudinal strain — 5FPG
0.08
007 e
006
'E‘ 0.05 ............
o o - o om
9. . .-'-__._-_——-- —--}--~--
% = ==-FPG-SEH-1L-51
& — + FPG-SEH-1L-S2

—— + FPG-SEH-1L-53
FPG-SEH-2L-51
------- FPG-SEH-2L-52

-0.002 0 0.002 0.004 0.006 0.008 0.01 0.012
Transverse Strain
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Figure X-24: Longitudinal versus Transverse strain — 5FPG

4. HPDF TESTED SAMPLES — TABULATED/GRAPHICAL EXPERIMENTAL RESULTS

Table X-13: Pre peak experimental data for longitudinal stress and strain of HPDF

confined concrete specimens (0.15Ksi=1 MPa)

Ecco Ticp E- Ejc; Olcco
€icp €lcco
Mpa(Ksi) Mpa(Ksi) MPa(Ksi) Mpa (Ksi) MPa(Ksi)

SIFC-S1* 32500 (4714) 26 (3.8) 0.0008 2500 (363) 2500 (363) 42 (6.1) 0.0014
SIFC-S2 30000 (4351) 30(4.3) 0.001 572 (83) 572 (83) 35(5.1) 0.002

LDL SIFC-S3 20000 (2900) 20(2.9) 0.001 -3600 (-522) -3600 (-522) 25(3.6) 0.0015
% SIFC-S4 15000 (2176) 30(4.3) 0.002 715 (104) 715 (104) 44 (6.4) 0.005
SIFC-S5 25000 (3626) 25(3.6) 0.001 -1000 (-145) -1000 (-145) 33(4.8) 0.0018
SIFC-S6 11000 (1595) 22(3.2) 0.002 -1000 (-145) -1000 (-145) 26 (3.8) 0.0028
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Table X-14: Post- peak experimental data for longitudinal stress and strain of HPDF confined

concrete specimens (0.15 Ksi=1 MPa)

Olccu Elecu Olco €1co 5 Tl
(lexxp (Elxxxp; (Oxxxr) ler Eler TI,
) Olxxxcu (glxxxr)
MPa(Ksi) Elxxxeu) MPa (Ksi) MPa (Ksi) MPa (Ksi)
SIFC-S1* 52 (7.5) 0.004 50 (7.2) 0.0054 20 (2.9) 0042 | 128(0.18) 10
SIFC-S2 44 (6.4) 0.0035 34 (4.9) 0.009 19 (2.7) 0037 | 1.03(0.15) 76
% SIFC-S3 33 (4.8) 0.0025 32 (4.6) 0.004 20 (2.9) 0.04 1.03 (0.15) 7.6
% SIFC-S4 47 (6.8) 0.007 39 (5.6) 0.015 23(3.3) 0054 | 182(0.26) 135
SIFC-S5 40 (5.8) 0.002 29 (4.2) 0.015 26 (3.8) 0.021 | 0.67(0.09) 5
SIFC-S6 37 (5.4) 0.005 35(5.1) 0.012 24 (35) 0026 | 077(0011) 57
Table X-15: Pre-peak experimental data for longitudinal and transverse strains of HPDF
confined concrete specimens (symbols in parenthesis represent the composite
parameters)(0.15 Ksi=1 MPa)
e Elecu €tccu
lep Etep €lcco Etcco - (gtxxxp
Elcxxcu) » Etxxxcu)
SIFC-S1* 0.0008 0 0.0014 0 0.004 0.0013
SIFC-S2 0.001 0 0.002 0 0.0035 0.00051
'-DL SIFC-S3 0.001 0 0.0015 0 0.0025 0.0002
% SIFC-54 0.002 0 0.005 0 0.007 0.00051
SIFC-S5 0.001 0 0.0018 0 0.002 0.0005
SIFC-S6 0.002 0 0.0028 0 0.005 0.0006
Table X-16: Post-peak experimental data for longitudinal and transverse strains of HPDF
confined concrete specimens (symbols in parenthesis represent the composite
parameters)(0.15Ksi=1 MPa)
€lco Etco Eler Eter v Ty Tl
Mpa(Ksi)
SIFC-S1* 0.0054 0.003 0.042 0.016 0.685(0.103) 13.43
SIFC-S2 0.009 0.006 0.037 0.016 0.52(0.075) 10.2
E SIFC-S3 0.004 0.0058 0.04 0.0075 0.24(0.035) 47
% SIFC-S4 0.015 0.006 0.054 0.019 0.68(0.098) 13.4
SIFC-S5 0.015 0.002 0.021 0.005 0.16(0.023) 31
SIFC-S6 0.012 0.0079 0.026 0.017 0.58(0.084) 11.3
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Figure X-26: Stress versus Transverse strain — 6SIFC
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XIl.  APPENDIX II: TENSILE STRESS STRAIN EQUATIONS
FOR FIBROUS COMPOSITE CONFINEMENTS
All stresses and strains are applied at the plastic centroid 7,,; of the composite from

the center of the cylinder. Refer to Appendix IV for the location of the plastic
centroid ;. Strains in the equations represent the modified strains to represent the
composite response during confinement.

Proceeding equations are based on study done by Lee. Et.al*?> for FRM, FRC and
Naaman et.al®® for SIFC, where analytical models for tensile behavior of steel-fiber
concrete and slurry infiltrated fiber concrete were introduced. Some modification
were done to the existing equations to take into account the actual tensile strain of
the composite; in addition to relating the radial transverse strain to the tangential
strain using the modified tensile strain of the composite.

FRM and FRC?3?

Oxxx = Elxxxgl*xxx 0< gl*xxx < El*xxxp Eq- (XI- 1)
* w * * *
Olxxx = Elxxx (Elxxx - f) elxxxp < Enxex < Epxxxcu Eq- (XI' 2)

(0.1gfp + 1)

Olxxx = Olxxxcu (0.1¢],., — 1)2 Elxxxcu < Eixxx < Elxxxr Eq. (X1.3)
Eixxx = EmxxxVimxxx + EfxxxVexxxMiNo Eq. (XI. 4)
Epexxp = MiMoVxxx (Erxxxp — Emxxxp) + Emuexp Eq. (XL.5)
Elxxxp = MixxxElxxxp Eq. (XI.6)
Oiexxcu = MoVexnxLxx 5o Eq. (XL.7)

L = D, and w is the crack width that is determined from Eq. (XI.2) by iterations and

the load deflection curves.

Elxxxr = L* Eq. (XI. 8)
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G=2)

Exxxr = Stwxx Eq. (XL.9)
L* is the average crack spacing equal to D, since it is a single crack. gy, IS the
efficiency factor of the ascending branch related to the modified strain of Eq. (XI.1)
and (X1.2), while ¢, is the efficiency factor of the descending branch related to
the modified strain of Eq.(X1.3) and xxx is the index designation for (FRM) or (FRC)
O @NA €144 1S the tensile stress and strain of the composite at plastic centroid
location, Ej.x is the tensile composite modulus of elasticity, €.y, IS the tensile
strain at first crack or proportional limit, €}y, Eixxxcur Exxxr are the modified first
crack, peak and rupture strains of the composite at plastic centroid, Eryyy and Efyyy
are the moduli of the matrix and fibers, Vv and V.., are the volume fractions of
the matrix and fibers, &ryyyp AN Emyxxp are the proportional limit strains of the
fibers and matrix, &;,.p, is the first crack of the composite, 7, 7, and n, are
distribution factors of fiber orientation, L., and r,,., are the length and radius of the

fibers, T, 1S the ultimate elastic shear between matrix and fibers.

SIFC®*
O1s1rc = OUSIFCcu <1 -(1- (;gﬁ)%l”) 0 < ¢&sipc < €sirccw Eq. (X1.10)
ISIFCcu
Oisirc = ae oteisre(MF) D ¢ (SI*SIFC Lsél)n EisiFccu < EIsIFC Eq. (XI.11)
A = Ois1FCcu Eq. (X1.12)

(59"

c=2— — = Eq.(X1.13)
LSIFC
(m—-1)
b=-—p" Eq. (XL 14
ms" q. (XI.14)

o

1

1+ln[ it +c6it”
OISIFCcu

Eq. (XL 15)




0'01VfSIFCL§IFC

0it = 0.605/pccy and 6 =

Osirc
V L
fSIFCgf SIFC (200 n 8\/5)
O1SIFCcu = 3 us)

Veerpel
JSIFCTSIEC S“;Cfs“’c (1.4 + 0.66,/1,)

OisIFCcu = 3 (METRIC)
_ EfsircVesirc
Eisirc = EmsircVmsire + 30
VesiecLsirc
isiFceu = Emsirceu +0.00174 ———
Psirc
* —
€istrccu = MisiFcEisiFceu
g*
ISIFCcu
Dsirc = Eisirc
O1SIFCcu
by b
_ ‘16 * _ 16
EisIFcr = I and &siper = Sisire N
_ OifsirccuPsirc
LCT' - 2
TusIFc
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Eq. (XL 16)

Eq. (XL 17)

Eq. (XL 18)

Eq. (XI. 19)

Eq. (XI. 20)

Eq. (XI.21)

Eq. (X1.22)

Eq. (XL 23)

Eq. (XL 24)

L= n% since there are 4 cracks as obtained from the main paper. psrc IS the

efficiency factor of the ascending branch related to the modified strain of Eq (XI1.10),

while ¢;5;r¢ 1S the efficiency factor of the descending branch related to the modified

strain of Eq (X1.11)

o151rc and &5 are the tensile stress and strain of (SIFC) at plastic centroid location,

Es;r 1S the tensile composite modulus of elasticity, f, is the compressive strength of

SIFC, &/srceu E1sirer are the modified peak and rupture strains of the composite,

O1s1rcew @NA 0rgipc are the stresses of the composite at peak and rupture, E,, ;¢ and

Efgirc are the moduli of the matrix and fibers, Vy,g/pc and Vggpe are the volume

fractions of the matrix and fibers, Lg;rc and ¢g;rc are the length and diameter of the
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fibers, 7,¢;7¢ IS the ultimate elastic shear between matrix and fibers, L, is the critical
length at debonding of the fibers and &5,z is the modified tensile strain of the

composite.
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XIl. APPENDIX III: GENERAL STRESS STRAIN MODEL
FOR DISCRETE AND CONTINUOUS CONFINEMENTS

In the composite activation region, the stress-strain relationship of confined
concrete consists of a series of straight lines following the tensile behavior of the
composite and the concept of Mohr Circles for stress and strain as shown in Figures
Xl11-1 (a) and (b). For spirals, wire mesh, FRP’s, the activation region is represented
by one straight line based on the tensile stress-strain linear relationship of the
composite. For FRM and FRC, the activation region is represented by two lines: (1)
one corresponding to the response prior to the tensile first crack of the composite
and (2) the other for the tensile response between the first crack and the peak
composite stress. For SIFC, the activation region consists of a series of straight lines
representing the multiple cracking mechanism.

Behavior in this region is simplified by a straight line stress-strain curve derived
from ACI 4408 using the generalized constants 4, through F;:

01c = A104c + YrkyByoy Eq. (XIL. 1)

) (‘c:l*xxx)E1

&, =Cie. + Dk, — Eq. (XII. 2
204

0 = f(alxxx) = % Eq. (XH- 3)
cc

where A, 1S the area of the composite, and D, is the core diameter, a;,,, and
Elexx are the corresponding tensile stress and modified strain of the composite
(details of the modified strain are explained in the subsequent text). o, is the general
lateral stress (function of the composite tensile stress). A.. = DS, IS the effective
area of concrete enclosed by the composite, s,., IS spacing of lateral confinement

(i.e., spirals or wire mesh), and o, is the compressive stress of the concrete core at
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the start of composite activation (start of lateral expansion and initiation of tensile
stresses in composite).
xxx index designates type of the composite as defined in the list of notations.

A T[(DC + thxx)z
0t = 0.2 = ol ——
A, D¢

4

Eq. (XIL. 4)

Equation (X11.4) represents the compressive stress in the concrete core at the start
of lateral expansion and activation of the composite. The composite and concrete
core act independently where the ultimate unconfined peak load of concrete /4,
is now resisted only by the concrete core.

Ay isthe gross area of the cylinder, A, is the concrete core area, and t,., is thickness
of the composite member for continuous composites or cover for spirals.

o.. = a, for wire mesh composites since the outside thickness is insignificant
(txxx = 0). g > a; for spirals, fibrous composites and FRP’s, based on equation
(XI1.4), where t,... is the cover to the spirals or thickness of the composites.

Each value of stress and strain of confined concrete in the activation region has an
associated set of constants A, through F; for each composite type presented in,
Table V.1. These constants represent different experimentally obtained factors
corresponding to different confinement levels. As shown in equations (XI1.1) and
(XI1.2), factors A,,C;, F; depend only on the strength of unconfined concrete.
Hence, these factors are independent of the composite type or the stress level.
Factors By, D;, and E; depend on the composite type, but are also stress
independent. k, =k, = 1 and iy = 0.95.

Concept of Mohr Circle of Stress and Strain in the Activation Region

Based on the ACI 4408, the peak stress and strain curves in the activation region are

approximated by the following equations:
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O1c = 0l T f(O1xxx) Eq. (XIL. 5)
e = 1.5¢( & f(&1xxx) Eq. (XIL. 6)
where g;. and ¢ are the principal stresses and strains of confined concrete in the
activation region, a.. is the stress in the concrete core at the start of activation of
composite, gy, and &, are the tensile stresses of the composite, and ¢ is the
strain at peak of unconfined concrete. The (+) sign is for full confinement while the
() is for partial confinement since the composite stresses reduce the confinement
effects. As shown in Figures XI11.1 (a) and (b), during confinement, the Mohr circles
remain fixed at the origin until the diameter equals o/, or 1. 5¢.. During activation
of the composite the Mohr circles push to the right for full confinement or to the
left for partial confinement with a constant diameter of o, or 1. 5¢.. Each position
of the Mobhr circle represents a level of tensile stress and strain of the composite
until reaching peak where the stresses and strains at peak of confined concrete are
presented by:

Orccu = Occ T [ (Opxxxcu) Eq. (XIL. 5.a)
€ccu = 1.56¢ T f(€xxxcu) Eq. (XIL. 6.a)

Derivation of Peak Stress and Strain Factors for Discrete Confinements

The peak stress and strain based on the developed model in this work are presented
by the following equations:

Otccu = A10¢c + YrkaBi0aey Eq. (XIL.7)

UZcu (gl*XXXCu)El
g (e)f

€leccu = Clgé + D1k, Eq. (XII. 8)

The Todechini® peak stress and strain are presented by equations (XI1.10) and

(XI11.11)
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Olecu = Opc + 41054 Eq. (XII.10)
G0
Elecy = ]15 lecu Eq. (XIL 11)
leco

A, to F; are the factors, o, is the lateral stress at peak and &;,.,»c,, 1S the modified
peak strain of the composite.
The constants A; to G, are determined by equating equations (X11.7) and (XI1.8) to

the stress and strain equations (X11.10) and (XI1.11).

Olecy = O¢ + 4105y, = A; =1 Eq. (XI1.12)
4.1 = Prk,B, Eq. (XIL. 13)
4.1
B, = = 4.32 Eq. (XIL 14)
l'bfka
G0, G,(o; + 410
€lccu = 1Elccu = (e E 2cu) Eq. (XII.15)
c c
G,(0.) G;(4.1)o
_ 1( c) + 1( ) 2cu Eq. (XII.16)

E =
lccu Ec Ec

Since E,; = 0.58E, is the inelastic modulus of concrete!® and substituting in Eq.

(XI1.16)
G1(08) | G1(41)0zcy
= Eq. (XII. 17
fleew = T71E,, * 171K, q- (XI1.17)
and
o
E;=— Eq. (XII. 18)
EC
Substituting equation (X11.18) in equation (X11.17)
Gl(eé) 61(4-1)0-Zcu€£
€lccu = 1.71 + 1.710_0, Eq. (XH. 19)
Gl (Eé) O2cu (gl*xxxcu)o
Elecu = Ty + 2.52G Yk, ol (e 1 Eq. (XIL. 20)
Gy
C,= Eq. (XII. 21)




D, = 2.526G,
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Eq. (XIL. 22)

E; = 0and F; = —1. So the only factors that are variables with the different composite

types are B; , D; and E; but remain constant for the different stress levels during the

activation region for each particular composite type.

G, = 3 for discrete confined

concrete and G, = 1.71 for unconfined concrete based on the Todechini model®.

Ty 0'cctf (Orxxs) Yic 1.5 +f (E10)
F(Oraxs) . o' F(€xxx) 1.5¢%
petore SOt Tec f@1) betore [(Euene) | 1567 — flem) | |
Composite _ | : Composite _ | b
Activation Activation
[P £1e
(——ﬁ:
< 1.5
Partial Partial '
Confinement p= \ Confinement L5e d
cc i Composite . € ¢ : Composite
Activation Full Confinement Activation Full Confinement

Figure X1I-1: (a) Mohr circle for lateral confining stresses (b) Mohr circle for lateral

confining Strains
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XIll. APPENDIX 1V: LOCATION OF THE PLASTIC
CENTROID AND LATERAL STRESS FOR PARTIAL

CONFINEMENT
Location of Plastic Centroid (Refer to Figure Xlll.1a): The location of the plastic

centroid and the tensile stress of the composite at that location is required. Plastic
centroid is the location of the resultant of the tensile composite stress distribution across
its thickness. The tensile strain of the composite at a location r can be defined as linear

with the radius of the column.

r
Elxxx = HixxxXEtc D. . Eq. (XIII. 1)
(7 + txxx)

Where r represents the radius from center of cylinder to a point within the composite,
& IS the transverse strain at the circumference, and ¢&;,,, IS the modified
circumferential strain of composite at location r from the center. The stress is a function
of strain

Opex = f (Eenx) Eq. (XIIL.2)
O1exr 1S the tensile stress of the composite as a function of the modified tensile strain
€z Dased on the stress-strain relationship of the composite. Since ¢;,,., is a function
of the radius r, g, i @ function of r. The plastic centroid location can be obtained as

follows:

Dett
2 O O A AT
Foy = fOD Lexxxxx Eq. (XHI. 3)

f 7C+ txxx A d
0 OlxxxAixxx AT

1, Is the location of the plastic centroid within the composite where the resultant stress
is applied. A, is the area of the composite normal to the applied tensile stress.
At different points of the ascending portion of the stress strain curve (activation region),

the generalized strain at the plastic centroid is



148

* "ol
Eixxx = HixxxAEtc D P Eq. (XIII. 4)
(TC + txxx)

Lateral Stress at peak at the plastic centroid is obtained from equation (XI11.2)

Where Olxxxcu = f(gikxxxcu) Eq. (XIH' 5)

Lateral Strain at peak at the plastic centroid is obtained from equation (XI11.4)

Elxxxcu = HixxxElexxcu Eq. (XIII. 6)
. _ pl
Eixxxcu = HixxxXEtccu D. . - Eq. (XIII. 7)
(7 + tyxx)

Olexxcu aNd Oy, are obtained from the tensile stress strain equations for the
composites.

e Stress strain equations for Composite (FPC) and (FPG)

Otexx = Elxexx€lxx Generalized Eq. (XIIL 8)
Olxxxcu = Elxxxel*xxxcu At peak Eq- (XIH- 9)

e Stress strain equations for Composite (FRM) and (FRC)%

Refer to appendix Il for the equations of stress and strain in tension for (FRM) and
(FRC)

e Stress strain equations for (SIFC)%®

Refer to appendix Il for the equations of stress and strain in tension for (SIFC)

Lateral Stress for Partial Confinement (Refer to Figure X111.1(b): For the case of partial

confinement?!, there is a radial transverse force in the composite due to the fibers in the
transverse direction as shown in Figure XI111.1(b) that reduce the lateral force within
the concrete core. Based on equilibrium, following equations can be obtained:

OtxxxTp1d0Sxxx CaAN be resolved into two COMPONENtS Gpyyx T dOSyx Cos(8) and

OtxxxTp1d0SxxxSin(6) where 1, is the location of the plastic centroid oy, is the
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transverse tensile stress of the composite at the plastic centroid, s,., is the spacing of
the composite and 6 is the angle that the stress makes with the horizontal axis.

Using equilibrium and from Figure XII1.1 (b)

T

Sxxxo'ZDc + J. O-txxxrplde (Sxxx)Sin(e) = Zolxxxtxxxsxxxx EQ- (XIH' 10)
0

P 2O-lxxx Cxx 2O_txxxrpl
, = —
D, D,

Eq. (XIIL. 11)

O1exr 1S the tangential tensile stress of the composite. Equation (XI11.11) leads to
negative values for the o, resulting in partial confinement and stress at peak lower than
that of unconfined concrete. The above equations can be generalized for the state at

peak with a lateral stress o,

20 t 20 T,
ooy = lxx;cu XXX txxDxcu pl Eq. (XIH. 12)
c c

where oy xcu FEPresents the transverse tensile stress of the composite in the radial
direction. The value 0Of Oiyyrey 1S determined using Eqg.(XI11.13) below and by
multiplying (a) the modulus of elasticity in the transverse direction, with (b) the peak
tensile strain of the composite3®

Orxexcn = Epaex Ve (1= 1) (1 = 06)Efxancu Eq. (XIIL 13)
where Ef,., is the modulus in tension of the fibers, V., is the volume fraction of the
fibers, €/, e 1S the modified peak strain of composite at plastic centroid, while 7,

and n,, are fiber distribution factors.
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Figure XIlI-1: (a) Location of plastic centroid of composite (b) Partial confinement stresses in

FRM and FRC



